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Abstract
ABSTRACT
Off-line programming techniques have been developed to improve productivity of 
advanced robot systems. In the manufacturing industry, they enable robot workcells to be 
simulated and robot programs to be generated without interrupting the production process. 
However, due to the poor stiuctural integrity of present-day robots, discrepancies exist 
between the CAD model used in the off-line progiamming system and the real robot. These 
discrepancies severely limit the effectiveness of off-line progi amming techniques, since 
manual operator intervention is required to modify the off-line generated trajectories 
required for the robot to operate in the manufactuiing cell.
The work presented here addresses the problems associated with some of these 
discrepancies to enhance off-line programming systems, by concentrating on two aspects 
of robot kinematic performance. Identification of the ‘actual’ kinematics of the manipulator 
using a new calibration methodology enables the static positioning accuracy of the device to 
be improved. Validation experiments have been performed using the new kinematic 
calibration methodology. Identification of the ‘actual’ kinematics of a Puma-560 industrial 
robot has shown that this robot’s average positioning error can be reduced by 
approximately 93%.
By providing the workcell designer with a new performance index known as the 
Condition Vector as an indication of the variation in robot kinematic performance 
throughout its workspace, workcells can be mranged and robot postures selected based on 
desired robot characteristics for prescribed tasks. Validation experiments for the Condition 
Vector, undertaken on two industrial robots, were not conclusive but provided promising 
results.
Fk.D. 1991 D. Stanton
Acknowledgements
ACKNOW LEDGEM ENTS
The author would like to thank his supervisor Professor G.A. Parker for his 
continual support and encouragement, as well as providing invaluable advice throughout 
the course of his study.
Thanks are also due to the members of the Manufacturing Systems and Robotics 
Research group for their assistance, and for creating a pleasant working environment.
Finally the author would also like to thank Rebecca for her patience.
Ph.D. 1991 D. Stanton iii
Table o f Contents
TABLE OF CONTENTS
A b strac t....................................................................................................................................ii
Acknowledgements..........................................................................    iii
Table of Contents..................................................................................................................... iv
List of Figures...............................................................................................................   vi
List of Tables............................................................................................................................ ix
CHAPTER
1. INTRODUCTION.............................................................................................2
1.1. Current Industiial Off-Line Programming systems............................ 7
1.2. Outline of the study............................................................................. 10
1.3. Objectives.............................................................................................12
1.4. Organisation of the thesis................................................................... 12
2. A REVIEW OF KINEMATIC CALIBRATION........................................... 15
2.1. Inti'oduction..........................................................................................15
2.2. Paramenic Calibration Methods................................................. . 16
2.2.1. Modelling............................................................................. 16
2.2.3. Identification.........................................................................26
2.2.2. M easurem ent.....................................................................33
2.2.4. Compensation......................................................................35
2.3. Non-Parametiic Calibration Methods.................................................39
2.4. Summai'y..............................................................................................42
3. AN IMPROVED KINEMATIC CALIBRATION APPROACH................. 45
3.1. A Modified S-Model (MSM) for Calibration....................................45
3.1.1. Kinematic description of the S-Model................................. 46
3.1.2. Modifications to the S -Model............................................... 48
3.2. A Methodology for Complete Kinematic Calibration....................... 53
3.2.1. Phase 1 Identification...........................................................54
3.2.2. Phase 2 Identification...........................................................69
3.3. Validation of the Modified S-Model (MSM)..................................... 72
3.3.1. Phase 1 Validation...............................................................73
3.3.2. Phase 2 Validation...............................................................93
3.5. Summai'y............................................................................................102
Ph.D. 1991 D,Stanton iv
Table o f Contents
4. EXPERIMENTAL KINEMATIC CALIBRATION.................... 106
4. L Cat’s Eye Target Calibration...........................................................106
4.1.1. Introduction..........................................................................106
4.1.2. A Methodology for Calibrating the Cat’s Eye Taiget 108
4.1.3. Experimentation and Results........................................116
4.2. Calibration results for a Puma-560 manipulator..............119
4.2.1. Phase 1 identification.........................  121
4.2.2. Phase 2 identification.......................................................... 127
4.2.3. Accuracy Limitations.......................................................... 135
4.3. Summary........................................................................................... 137
4.3.1. Target Calibration................................................................137
4.3.2. Calibration of a Puma-560................................................  138
5. A FURTHER IMPROVEMENT TO OFF-LINE PROGRAMMING.... 145
5.1. Introduction.......................................................................................145
5.2. Mathematical backgiound................................................................ 148
5.2.1. Manipulability Ellipsoids.....................................................148
5.2.2. The Condition Number....................................................... 152
5.2.3. The Condition Vector.......................................................... 154
5.2.4. Manipulability Analysis for 6-dof pose........................ 155
5.3. Methodology and Validation experiments....................................... 157
5.3.1. ISO repeatability tests.................................................. 158
5.3.2. Positioning overshoot tests................................................ 163
5.4. Summai'y........................................................................... 169
6. CONCLUSIONS........................................................................... 173
BIBLIOGRAPHY................................................................................................................. 178
APPENDIX A. Commercial and Reseai'ch Off-line Programming Systems 195
APPENDIX B. The OPTOTRAC Insti*ument...........................................................197
PhD. 1991 D.Stanton
List o f Figures
LIST OF FIGURES
Fig. 1.1 Components of an off-line programming system.......................................7
Fig. 1.2 Reseai'ch system configuration.......................................................................... 10
Fig. 2.1 DH pai ameters for a revolute joint.............................................................   17
Fig. 2.2 The discontinuity in the DH model....................................................................20
Fig. 2.3 A schematic of a typical closed-loop robot sti'ucture........................................ 24
Fig. 2.4 Basic robot conti'ol structure for position control.................................... 36
Fig. 2.5 A scheme for off-line inaccuracy compensation............................................... 37
Fig. 2.6 A scheme for on-line compensation...................................................................39
Fig. 3.1 Definition of S-Model kinematic paiameters.....................................................47
Fig. 3.2 'Signature' and encoder mounting offsets................................................51
Fig. 3.3 Stone’s definition of the Nth coordinate frame................................................. 52
Fig. 3.4 Plane of rotation estimation................................................................................55
Fig. 3.5 Spherical representation of unit normal a.......................................................... 56
Fig. 3.6 Flowchart for plane of rotation estimation...............................................59
Fig. 3.7 Centi'e of rotation estimation...............................................................   60
Fig. 3.8 Estimating the initial guess for the circle centi'e................................................ 61
Fig, 3.9 Flowchait for centre of rotation estimation....................................................... 62
Fig. 3.10 Definition of the last link frame {N s  TAP}................................  65
Fig. 3.11 Base axis estimation for the Puma-560............................................................. 67
Fig. 3.12 Phase 2 identification scheme............................................................................ 70
Fig. 3.13 Model file fomiat................................................................................................ 71
Fig. 3.14 Flowchait for Phase 2 identification..................................................................72
Fig. 3.15 Phase 1 joint motion paiameters........................................................................ 73
Fig. 3.16 Flowchart for Phase 1 simulation......................................................................74
Fig. 3.17 Effects of increasing ‘jrange’ on the S-Model parameter errors.............. . 81
Fig. 3.18 Effects of increasing ‘rad’ on the S-Model parameter errors........................... 82
Fig. 3.19 Effects of increasing ‘incr’ on the S-Model parameter errors.......................... 83
Fig. 3.20 Effects of increasing ‘nsamp’ on the S-Model paiameter errors......................84
Fig. 3.21 Effects of increasing 'jrange' on the S-Model parameter errors...................... 86
Fig. 3.22 Effects of increasing 'jrange' on link transformation parameter eii'ors........... 88
Fig. 3.23 Effects of increasing 'rad' on the S-Model pai'ameter errors........................... 88
Fig. 3.24 Effects of increasing 'rad' on link tiansfoimation paiameter errors................ 89
Fig. 3.25 Effects of increasing 'incr' on the S-Model parameter errors.......................... 90
Fig. 3.26 Effects of increasing 'incr' on link transformation parameter errors...............91
PhD. 1991 D.Stanton vi
List o f Figures
Fig. 3.27 Effects of increasing ‘nsamp’ on the S-Model paiameter errors...................... 91
Fig. 3.28 Effects of increasing 'nsamp' on link transformation parameter errors........... 92
Fig. 3.29 Flowchart for Phase 2 simulation.......................................................................94
Fig. 4.1 Cat's eye target..................................................................................................108
Fig. 4.2 The cartesian offsets of the target.......................................................... 109
Fig. 4.3 Cat's eye calibration fixture.............................................................................. 110
Fig. 4.4 DeckelFP4-ATC4-dof motion........................................................................ I l l
Fig. 4.5 Schematic of the retr'o-reflector calibration device (RCD). ............................112
Fig. 4.6 Zo Identification....................................................................  113
Fig. 4.7 Yo Identification..................................................................   114
Fig. 4.8 Xo Identification................................................................................................ 115
Fig. 4.9 Calibration featur es of the cat's eye calibration rig.......................................... 116
Fig. 4.10 Cat's eye calibration tests in progress.................................................... 118
Fig. 4.11 ISO test cube and 5 test points for the Puma-560..........................................  120
Fig. 4.12 Calibration tar’get for Phase 1 . ......................................................................122
Fig. 4.13 Phase 1 tests in operation.......................................................................123
Fig. 4.14 Joint 1 residuals.................................................................................................124
Fig. 4.15 Joint 2 residuals.................................................................................................124
Fig. 4.16 Joint 3 residuals.................................................................................................124
Fig. 4.17 Joint 4 residuals.................................................................................................124
Fig. 4.18 Joint 5 residuals.................................................................................................124
Fig. 4.19 Joint 6 residuals................................................................................................. 124
Fig. 4.20 Phase 2 tests in operation.......................................................................128
Fig. 4.21 Average positioning residuals at the 13 verification points.............................131
Fig. 5.1 Velocity Ellipsoid for a 2 link planar mechanism............................................ 150
Fig. 5.2 Variation of the Condition Vector for a simple 2 link mechanism..................154
Fig. 5.3 Possible representation of the Condition Vector within an OLP system—  155
Fig. 5.4 Ellipsoids for position and orientation............................................................. 157
Fig. 5.5 ISO test points for the Adept-One manipulator................................................159
Fig. 5.6 Manipulability definition for a 2-dof ellipsoid................................................. 160
Fig. 5.7 Manipulability Ellipsoids for the Adept-One at 2 of the 5 ISO test points.. 162
Fig. 5.8 Approach paths at test point P5 for the Puma-560........................................  165
Fig. 5.9 X-direction overshoot results at P5 for the 5 approach paths....................;. 166
Fig. 5.10 Y-direction overshoot results at P5 for the 5 approach paths......................... 166
Fig. 5.11 Z-direction overshoot results at P5 for the 5 approach paths.................... 167
PhD. 1991 D.Stanton vii
List o f Figures
Fig. 5.12 Relationship between the measured overshoot IIOSII and the magnitude of 
the singular values Oÿ for the varying approach paths at the five ISO test
points.................................................................................................................168
Fig. 5.13 Relationship between the attained velocities IIVII and the magnitude of the
singular values Oÿ for the varying approach paths at the five ISO test
points  .........................................................................................................169
Fig. B. 1 A Schematic of the OPTOTRAC instrument (Courtesy of R. Mayer)...........197
Fig. B.2 Triangulation cross-over errors at the tai'get position (Courtesy of R.
Mayer).............................................................................................................. 198
Fig. B.3 Histograms of OPTOTRAC repeatability in x, y, and z     ........................... 199
PhD. 1991 D.Stanton viii
List o f Tables
LIST OF TABLES
Table 3.1 Phase 1 simulation parameters........................................................................... 75
Table 3.2 Variances for a uniform noise distribution........................................................ 76
Table 3.3 Residuals as a function of Exyz.................................................................. 77
Table 3.4 Residuals as a function of measurement accuracy 'ndigit' for Exyz = 0............77
Table 3.5 Fixed parameters for joint i identification................................................78
Table 3.6 Nominal link i S-Model parameters for mutually perpendicular'joints............ 80
Table 3.7 Fixed par ameters for joint i+1 identification for increasing ‘jrange’............... 81
Table 3.8 Fixed parameters for joint i+1 identification for increasing ‘rad’.................... 82
Table 3.9 Fixed par'ameters for joint i+1 identification for increasing ‘incr’................... 83
Table 3.10 Fixed par ameters for joint i+1 identification for increasing ‘nsamp’................ 84
Table 3.11 Nominal link i S-Model parameters for mutually parallel joints.......................85
Table 3.12 Fixed parameters for joint i+1 identification for increasing ‘jrange’....86
Table 3.13 Fixed parameters for joint i+1 identification for increasing ‘rad’.........89
Table 3.14 Fixed par ameters for joint i+1 identification for increasing ‘incr’........90
Table 3.15 Fixed par'ameters for joint i+1 identification for increasing ‘nsamp’.....91
Table 3.16 Effect of varying the tar-get measurement accuracy ‘ndigit’...............................97
Table 3.17 Effect of varying the joint angle measur ement accuracy ‘ ©digit’........ *...........97
Table 3.18 Effect of varying the number of observations ‘m ’................................. 98
Table 3.19 Effect of varying the number of samples ‘usamp’....................................99
Table 3.20 Effect of varying the error in the initial guess ‘AXG’.............................. 100
Table 3.21 Effect of the observation str ategy ‘Obs’.......................................................... 100
Table 3.22 Joint limits for the Puma-560 manipulator.......................................................101
Table 4.1 Calibration parameters of the test rig................................................................117
Table 4.2 Cat's eye target offsets............................................................................ 117
Table 4.3 ISO 9283 Accuracy and Repeatability for the Puma-560.............................. 120
Table 4.4 Nominal DH kinematic parameters for the Puma-560 manipulator 121
Table 4.5 Conditions for the joint motion tests for the Puma-560.........................  122
Table 4.6 Joint feature identification results for the Puma-560.....................................  123
Table 4.7 Phase 1 identified link parameters....................................................................126
Table 4.8 Extracted DH kinematic par'ameters................................................................. 126
Table 4.9 Elements of the Phase 2 identification set Xe 91^^.........................................129
Table 4.10 Phase 2 identification results for the Puma-560............................................  130
Table 4.11 Phase 2 verification for the Puma-560...........................................................  130
Table 4.12 Identifying parameter redundancy for  133
Ph.D. 1991 D.Stanton ix
List o f Tables
Table 4.13 Residuals after reducing the par ameter set to Xe................. ........................ 134
Table 4.14 Identified par ameter values for Xe 91^^ and Xe................. ..........................135
Table 5.1 Cartesian coordinates of the ISO test points for the Adept-One (in mm). .. 161
Table 5.2 Nominal DH kinematic par ameters for the Adept-One manipulator 161
Table 5.3 Manipulability index and approach vector for the 5 ISO test points 163
Table 5.4 ISO Positioning Repeatability for the Adept-One................................... 163
Table 5.5 SVD results at the 5 ISO test points for the Puma-560.................................  165
Table 5.6 Magnitudes of the positioning overshoot and attained velocities along the
approach paths for the five test points.............................................................167
Table A. 1 Commercial and research OLP systems and their* functionalities.................. 195
Ph.D. 1991 D.Stanton
CHAPTER 1 
INTRODUCTION
Chapter 1: Introduction
1. INTRODUCTION
Industrial robots were first introduced into manufacturing industry in the late 1970's 
as flexible devices that could be re-programmed to perform a variety of tasks. Early designs 
of industrial robots were primarily based upon anthropomorphic considerations to mimic 
the human arm, and were aimed at automating those operations normally performed by 
unskilled operators. Robots were seen to give immediate benefits to production, 
undertaking tedious repetitive tasks much more effectively, overcoming operator 
inconsistencies, and thus improving both productivity and product quality. A further 
benefit arose from their use in hazardous environments, relieving the human operator from 
both unpleasant and unhealthy work.
Technological developments in industiial robotic systems have closely followed the 
evolution of numerically controlled (NO) machine tools. Early machine tools were 
dedicated, initially requiring manual hand-wheel operation, and later allowing the use of 
punched tape input so that pait progiams could be created off-line thus reducing the 'down­
time' of the production line. Integration of computers within the manufacturing 
environment has enabled these sophisticated, and highly accurate devices to be 
programmed from external computers, known as computer numerically controlled (CNC) 
machine tools, with component and process data supplied from computer aided design 
(CAD) and computer aided manufacturing (CAM) systems. One of the primary reasons for 
the rapid success of these systems has been the high level of inherent machine tool 
structural integiity, allowing the development of machine independent software with 
standard programming languages.
With robotic systems, the first step in their evolutionai'y process was readily adopted, 
that of manual teach-by-showing of each individual robot. However the next step, in 
progi*amming the robot off-line away fr om the production process, has not taken place so 
rapidly due mainly to the poor integiity of their sü uctures. This inherent flaw is due to the 
very nature of the robot being a flexible device able to handle dextrous tasks, which 
generally give good repeatability but poor accuracy, making them suitable only for teach
PhD . 1991 D. Stanton 2
Chapter 1: Introduction
mode operations. Additional stumbling blocks have included the significantly lower 
confidence in the geometric relationships between the robot and its workpiece, and the lack 
of standai'disation of robot contiol languages and data str uctures. As more demanding 
requirements are made upon robotic devices in terms of their positioning performance, 
teach-mode methods are becoming unacceptable due to the high cost of production down­
time in small and medium batch size applications. These costs ai*e continuing to rise as 
workcells become more complex, utilising multiple robot types and more sophisticated 
ancillary equipment.
Off-line progi'amming (OLP) systems for industrial robots have been developed to 
enable the design and layout of robotic workcells, the verification of robot movements and 
their interactions with other equipment operating in the same cell, and the generation of 
robot control programs. The advantages of using off-line progr amming include the ability 
to design and layout workcells for optimum cycle time; to compare different robot types 
based on workspace limits; to visualise the interactions between the robot and other 
workcell devices; to create complex programs and path trajectories using a single high level 
language; to check for collisions during motion; to create and verify new progr ams without 
interrupting the production process; and the removal of the operator from the sometimes 
hazardous task of teaching-by-showing.
Successful implementation of off-line generated programs can only be achieved if 
discrepancies between the CAD generated model of the robot and its workcell are matched 
with the real world. These uncertainties are attributable to four main sources:
• 1. discrepancies in the relative locations of the workpiece and the robot,
* 2. mechanical differences in the real robot sti'ucture compai'ed with its design
and modelled features,
* 3. discontinuities in geometr'y from one workpiece to the next,
• 4. distortion of the workpiece geometry during the manufacturing process.
Additionally, variations can occur due to changes in the robot’s str'uctural rigidity and 
dynamic properties as it moves throughout its workspace, short and long term drift in the 
robot due to environmental conditions and wear, and the use of oversimplified control 
algorithms (McQuillan and Goldenburg, 1988). Of these, the robot specific par ameters all 
contribute to the perfomrance variations from one robot to another.
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The use of sensor techniques to overcome uncertainties 1, 3 and 4 is beginning to be 
recognised (Davey, 1988), thus increasing the possibility of completely automated task 
execution with the required degree of accuracy. A variety of intelligent sensors are 
becoming available for both automatic workpiece feature identification and task following. 
However, the need for dedicated processing hardwar-e and high software costs, as well as 
reliability considerations are limiting their* adoption in industry at the present time. Another 
factor causing this slow rate of utilisation is the lack of standardisation of the physical 
connections between robots and sensors, as well as the method of data representation and 
storage. As standards are adopted, and sensor technologies become more flexible and 
robust, workpiece related uncertainties, including localisation, will no longer be significant 
contributors to the limitations of off-line programming.
For the inherent manipulator performance (uncertainty 2), factors contributing to the 
discrepancies between the CAD model, the model used within the controller, and the 
physical structure, can be kinematic, dynamic and elastic in nature. It is well known that the 
static positioning accuracy of an industrial robot is in general poor, with magnitudes 
typically ranging from 2mm up to as much as 15mm (Whitney et. al., 1986; Judd and 
Knasinski, 1990), even though repeatabilities may be in the order of ±0.1mm. Errors 
between the command pose (position and orientation) and the attained pose can be 
attributed to a variety of both geometric and non-geometric effects. Geometric effects 
include link length errors and joint axis misalignments due to manufacturing discrepancies 
and weai*, as well as low precision encoders controlling the positioning of the joints. Non- 
geometi'ic effects include backlash in the joint driving train, joint friction, and gear 
eccentricity. Additional effects, including joint and link compliance under varying end 
effector loads and thermal distortion, can cause elasto-static positioning errors. When the 
manipulator moves, dynamic and elasto-dynamic effects become important factors in the 
path following performance of the device, particularly when high speeds and high loads are 
required.
Most industiial robot contiollers tend only to use a very simple kinematic model to 
describe the geometry of the mechanism for the purpose of control, which is generalised 
within the off-line progiamming system. These simple models assume the 'design' or 
'nominal' parameters based on accurately manufactured and assembled components and do 
not include the geometric and non-geometiic errors which effect the robot’s performance. 
Furthermore, only few commercial robot contiollers have been equiped with dynamic 
models of the manipulator structure for control purposes, primarily because of the high
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computational power needed to solve the highly coupled non-linear equations. 
Developments in computer hardwai'e such as digital signal processors and transputers has 
meant that the solution of these equations for real-time conti’ol purposes is now a 
possibility, although high costs limit their use in industiy.
Calibration techniques can be used to identify the 'real' robot kinematic structure 
(Hollerbach, 1989). In practice, calibrated parameter values aie not incorporated within the 
robot controller since most industiial robot manufacturers have a closed system policy, 
restricting user access. Furthermore, even if the parameter values could be changed it is 
unlikely that this would improve the system performance significantly, since the models 
used aie simple, relying on perfectly assembled components, and ai*e therefore incapable of 
accommodating the various error sources. In general conti'ollers use a kinematic model 
based on the Denavit-Hartenburg (DH) convention (Denavit and Hartenburg, 1955), where 
four parameters, the minimum number required, describe the relationship between 
consecutive link frames in a serial chain. Use of the DH model has become widespread 
since its simple foimalism allows the inverse kinematics problem to be solved analytically. 
However, model formulation according to this convention has been shown to lead to 
problems during the calibration process due to discontinuities in the model when slight 
misalignments in the joint axis occur (Mooring, 1983). Alternative model formulations 
have been proposed, some of which are more suited to calibration, but which however, do 
not possess a simple analytical solution to the inverse problem. Consequently, there 
adoption within robot contiollers has not taken place, due to the additional hardware and 
software investment required for them to be useful for real-time contiol purposes. An 
alternative is to compensate for manipulator inaccuracies within the off-line programming 
system. The use of calibration infomiation within the OLP environment to compensate for 
manipulator inaccuracies has only recently received attention.
Identification techniques to find the ‘actual’ dynamics of the manipulator are also 
required, since the ‘nominal’ dynamics used within a controller (if dynamic contiol is 
used), will cause eiTors from the real robot motion (Mukerjee and Ballaid, 1985). Elasto- 
dynamic effects are particularly prevalent in lightweight low stiffness manipulators which 
are designed for high speed motions without the bulkiness of traditional robot designs. The 
relative significance of static and dynamic inaccuracies is dependant on the task being 
undertaken. Generally, continuous path applications requiring good path following 
accuiacy aie peifoimed at low speeds and do not suffer significantly from dynamic effects. 
Conversely, some point-to-point operations are programmed at high speeds to reduce
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cycle-time and suffer from positioning overshoot, which not only reduces productivity but 
may also cause collisions in the workcell.
As well as intrinsic inaccuracies, variations in manipulator performance across its 
workspace are dependent on vaiying stiuctural and computational characteristics. As the 
manipulator moves, and since the mapping of joint motions to cartesian motions is non­
linear, then stiuctural stiffness and velocity chai-acteristics will change. Similarly for the 
dynamics of the mechanism, configuration changes and gravitational effects alter the 
acceleration chaiacteristics. Furthermore, the position and force controllability of the 
manipulator will also be effected since the resolution of cai tesian motions will vary (Chiu,
1987).
The equations governing the motion of the end effector under motions of the joints 
are known as the manipulator kinematics. To control the manipulator over a prescribed 
cartesian trajectory, these kinematic equations have to be solved to generate the required 
joint motions. Generating the desired trajectory relies on finding a unique set of joint 
positions and velocities corresponding to the desired motion. In some cases motion of the 
end effector may cause two or more joints to become aligned, reducing the degiees of 
freedom at the end effector and producing multiple solutions for the joint motions. Such 
points are known as singular points, and in their vicinity excessive joint rates can be 
experienced causing uncontrollable motion at the end effector (Dailly, 1986). In the 
extreme, the robot can switch between different configurations of the joints as is typical in 
the wrist mechanism of a Puma-560 manipulator, having severe consequences in the 
manufacturing environment.
Off-line progiamming systems tend to use generalised ideal kinematics and inverse 
kinematics algorithms for ease of programming, but which however, do not match the real 
motions of the manipulator throughout the workspace, especially in the vicinity of these 
singular points. Knowledge of how manipulator performance varies according to some of 
these effects has been used in designing control algorithms to optimise valions peifoiTnance 
criteria (Klein and Blaho, 1987). However, the use of such knowledge in off-line 
programming systems to assist in path planning and workcell layouts for optimal robot 
motions has received little attention to date.
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1.1. CURRENT INDUSTRIAL OFF-LINE PROGRAMMING SYSTEMS___________
Current off-line programming systems range from the simple PC based approach 
utilising wire frame visualisation with limited user tools, such as PC-Grasp (Derby, 1986), 
through to sophisticated real-time simulations including full colour rendering with advanced 
user tools such as collision detection and task planning, such as ROBCAD (Tecnomatix, 
1990). Generally OLP systems comprise of the component features shown in Figure 1.1.
Off-Line Programming system
nom inal kinem atic nam ic m odelsolid m odel m odel
geometric
modeller
robot m odel workcell m odel
ownership 
structure
program m ing
lonni lana
in teractive  g rap h ic s V
collision path  p lanning ta sk  m o d u les
designers
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s e n s o r
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Figure 1.1. Components of an off-line programming system.
The geometrical model of the robot and its workplace including ancillary equipment, 
comprises of both a kinematic model and a solid model. The kinematic model describes the 
idealised link relationships for the robot mechanism based on the manufacturers drawings.
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and fixed or variable tr ansformations describe the relationships between workcell objects. 
The solid model describes the physical stmcture or 'flesh' of all the entities within the 
workcell including the robot. To save progr amming time component descriptions generated 
from external CAD systems can generally be transferred via an interfacing mechanism such 
as IGES (Initial Graphics Exchange Specification) into the workcell environment.
The ownership structure describes the 'parent-child' relationships between the 
workcell entities. For the robot, each link has as a 'parent' the previous link to which it is 
attached and a 'child', the following link attached to it. Other workcell entities have a 
similar structure, such as a table owning objects mounted on it. This mechanism ensures 
that any transformation applied to an entity is similarly applied to all 'children' of that 
entity.
The programming facilities of a typical CLP system generally consist of a universal 
cell programming language and an interactive graphics system. The programming language 
is not specific to any particular robot and has a high level of functionality for ease of 
programming. The interactive graphics system provides a means of generating and 
manipulating workcell components in 3D, and a menu based interface provides the user 
with simple easy to use functions.
An additional tool usually provided for the workcell designer is a means to identify 
collisions in the workcell. Both static and dynamic interactions between objects are 
determined, which can be used to re-position objects to ensure collision free motions. 
Finally to convert user generated programs fr'om the universal cell progiamming language 
into device specific languages such as VALU (Shimano et. al., 1984), post-processors are 
required. These are not purely language translators, since they must check that the 
programming functions required can be represented in the generally lower level language of 
the device. Successfully post-processed progiams can then be down-loaded to the robot 
controller through a hardware connection, typically a serial line e.g. RS232.
Ciaig [1987] highlighted some of the advanced features necessary for the progression 
to task-level or implicit off-line programming systems, from the typical manipulator level or 
explicit off-line programming systems used today. They include dynamic modelling of the 
manipulator, algorithms for optimal path planning, accurate robot motion algorithms, robot 
inaccuracy compensation, sensor processing, and process specific task modules. Dynamic 
modelling may be required for high speed motions under heavy loading conditions, where
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the motion generation algorithm used within the simulation and the controller does not 
model the true motion of the manipulator accurately. Also, to ensure optimal configurations 
of the manipulator for its task, path planning algorithms may be employed to maximize a 
perfomrance criterion, such as to avoid singular configurations or reduce cycle time (Crane 
et. al., 1988). For positional integrity of the post-processed program, the 'real' robot 
kinematics can be utilised to compensate for the inaccuracies in the idealised nominal robot 
description. Simulation of sensor processing algorithms is required to obtain a realistic 
estimate of the effects of sensor systems on the overall workcell operation, and task 
modules can be used to set process par ameters such as those for arc welding eg. voltage, 
gas flow and wire feed rate.
Table A1 in Appendix A lists some of the major commercial and research OLP 
systems, and highlights some of their advanced features for overcoming the uncertainties 
between the CAD model and the real world. The table shows that recently, some of the 
advanced features have begun to appear in commercial systems. In particular, the most 
sophisticated systems, Deneb's IGRIP (Yoffa, 1988), Tecnomatix's ROBCAD 
(Tecnomatix, 1990), and SILMA’s CimStation (Silma, 1990) include dynamic simulation, 
the ability to alter the kinematic par ameters of the robot with calibration information, as well 
as allowing the use of user specified inverse kinematics algorithms to match the 
performance of the robot in the presence of singularities. However, dynamic modelling is 
very limited, and their kinematic representations remain based on the DH model, which is 
unlikely to yield significant improvements due to the discontinuity problem.
To date, the only commercial system that provides a user tool for path planning, in 
which manipulator structural char acteristics and singularity avoidance can be assessed in 
relation to desired tr*ajectoiies is SILMA’s CimStation. Most systems enable localisation of 
the workpiece relative to the robot, which in CimStation is a real-time link to the robot 
controller. Task modules enabling programming of process specific parameters are also 
becoming available. One of the primary reasons for the slow uptake of these advanced 
techniques within off-line progr*amming systems is that many of the analytical tools are 
based on findings from simulation activities alone, without explicit validation through 
experimentation.
For the purposes of this research BYG's GRASP off-line progr'amming system has 
been used (Young and Bennaton, 1988). The host computer for the off-line programming
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system is a SUN 3/60 workstation, and has the possibility of post-processing to either a 
Unimation Inc. Puma-560 or an Adept Corp. Adept-One robot (Figure 1.2).
&  3D Modelling
... R S232
R obot Program m ing 
lan g u ag e  eg  VAL
Position  contro lled  
fe e d b a c k  loop
Robot Controller
nom inal
k inem atic  m odel ^  
workcell m odel ^%  robot m odel
program m ing T in teractive  
^  lan g u ag e  I g ra p h ic s  sy s te m  ^
collision 
d e tec tio n
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c o n v erte r
Robot Types 
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SC A R A -type 
4 dof - R RPR 
VALU lan g u a g e I A rticulated 6 dof - 6RVAL lan g u a g e &
Figure 1.2. Research system configuration.
1.2. OUTLINE OF THE STUDY
This research work addresses two of the areas described in the previous section for 
the improvements to off-line programming systems by concentrating on the kinematics of 
robot mechanisms. They are, the development of a generalised calibration methodology for 
the identification of the 'actual' robot kinematics, and the development of a kinematic 
performance index as a design tool for improved path planning and workcell layout. The 
work is intended to provide software tools to be used within off-line programming 
systems, to improve the static positioning accuracy of the robot mechanism, and to assist in 
the design and layout of robotic workcells. Furthermore, by identifying the ‘actual’
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kinematics, it is expected that this work will be useful in updating robot controller models 
in order to improve the inherent manipulator peifonnance.
By concenti'ating on the kinematics of robot mechanisms, this work is limited to 
improving static positioning and low acceleration movements. Since the motion generation 
algorithms used in a typical position feedback robot controller are based on solving the 
kinematic equations continually along the planned trajectory, then identification of the 
‘actual’ robot kinematics will enable these motions to be performed more accurately. 
However, for high speed, high acceleration movements, the dynamics of the mechanism 
will contribute significantly to the robot inaccuracies, and performance during these 
motions will not be improved by this work.
The major part of this research has concentrated on developing a new kinematic 
calibration methodology that can be applied to any serial link robot, comprising of a serial 
connection of revolute joints. Serial link robots comprise approximately 72% of the 
curTently available robots, excluding car tesian and gantry robotsk The proposed calibration 
methodology has been used to identify geometric error sources only, since they can be 
treated systematically, and have been shown to be major contributors to robot positioning 
inaccuracy (Judd and Knasinski, 1987; Veitschegger and Wu, 1988). However, the 
methodology allows non-geometric error sources to be modelled if they are considered to 
contribute significantly. Due to time constraints, prismatic joints have not been included in 
the identification scheme, and an inaccuracy compensation scheme has not been developed. 
An important aspect of the proposed scheme is that parameter redundancies are minimised 
by division of the identification process into two phases. Furthermore, a powerful method 
of assessing and overcoming remaining redundancies is also developed.
Additional work has concentrated on developing a performance criteria useful to the 
workcell designer, that gives a measure of the kinematic perfomrance variations based on 
structural considerations throughout the robot’s workspace. The proposed index, called the 
Condition Vector, is suited particularly for use within an OLP system since it is easily 
represented graphically.
Throughout the course of this research, emphasis has been placed on experimental 
validation of the proposed analytical techniques. For kinematic calibration, the robot’s
1 Extracted from the BRA data file o f Advanced Manufacturing Technology Equipment and Organisations 
(1987).
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absolute positioning perfomrance has been measured enabling parameter identification and 
validation to assess improvements. For the Condition Vector, positioning repeatability and 
positioning overshoot experiments have been performed. To enable these validation 
experiments to be undertaken, a novel 3D laser tracking instrument was utilised. The 
instrument, initially conceptualised by Gilby and Parker [1984], has been developed by 
Mayer and Par ker [1988] and is known as OPTOTRAC. A brief technical description of the 
OPTOTRAC instrument is given in Appendix B.
1.3. OBJECTIVES_________________________________________________________
The objectives of this reseai'ch ar*e:
01. To develop a generalised calibration methodology for serial link 
manipulators in order to identify the actual kinematic model describing the 
ti'Lie geometry of the robot.
02. To develop a kinematic performance criteria to assist the workcell designer 
in establishing the optimum position and orientation of serial link 
manipulators for prescribed tasks.
03 . To validate (Ol) and (02) experimentally.
1.4. ORGANISATION OF THE THESIS______________________________________
This thesis is organised as follows. In Chapter 2, kinematic calibration techniques are 
reviewed with regard to their contributions in four main areas of calibration: modelling, 
measurement of robot positioning, parameter identification, and compensation.
In Chapter 3, a new kinematic calibration methodology is proposed, that enables all 
geometric sources of error to be identified through two separate phases, thus reducing the 
numerical complexities associated with more global schemes. The methodology enables the 
complete description of the manipulator, from its base axis up to a point on the tool 
mounting flange, to be explicitly defined. Numerical validation of the proposed 
methodology is presented through simulation procedures. These identify sensitivities and 
likely improvements of the scheme by studying the conti'ollable and system dependent 
features likely to effect parameter identification.
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The proposed calibration methodology is applied to an industrial robot in Chapter 4, a 
Puma-560 six degree-of-freedom serial link mechanism. Measurements of the robot's 
positioning aie undertaken with the OPTOTRAC insti'ument by attaching an optical tai'get, 
known as a cat's eye target, to the robot's end effector. Since the proposed calibration 
scheme is intended to explicitly define the kinematics of the mechanism, the cat's eye 
target's geometiical offsets must also be included. Therefore, a cat's eye target calibration 
methodology has been developed and is also described along with experimental results in 
Chapter 4.
Chapter 5 describes the analytical techniques used to extract the Condition Vector 
from the kinematic equations of a general robot mechanism. Validation experiments are 
performed on two different robots, an Adept-One scara type robot, and a Puma-560. 
Discussion of how the Condition Vector could be used within an off-line programming 
system is also given.
The conclusions of this research study are presented in Chapter 6 along with 
suggestions for additional research that may enhance the developments made.
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2. A REVIEW OF KINEMATIC CALIBRATION
2.1. INTRODUCTION
Manipulator end point movements are carried out through the use of actuators 
attached to each of the joints, and since there is no end point position feedback, a model of 
the manipulator stmcture is required to infer the tool location from joint positions recorded 
via transducers. This model is known as the 'forward kinematic' model or simply the 
kinematics. In general, the model used to conti’ol the robot is not a tine representation of the 
physical system, with discrepancies between the assumed model, based generally on the 
'nominal' design features, and the real physical system, of both a geometiic and non­
geometric nature. Geometric effects are mainly those imposed by the manufacturing and 
assembly process, such as link length errors, joint axis misalignments and transducer 
mounting offsets. Non-geometric sources of error include backlash in the joint drive 
mechanisms, gear eccentiicities as well as elasto-static and elasto-dynamic effects eg. joint 
and link compliance.
Kinematic calibration of robotic manipulators attempts to overcome the discrepancies 
between the real manipulator static performance and that predicted by the controller model 
and the off-line progiamming system. Two distinct approaches to calibration can be taken, 
either parametric or non-parametric. The purpose of a pai'ametiic calibration technique is to 
determine the exact values of kinematic parameters that influence the robot performance, in 
order that they can be used either within the controller or within a compensation system. 
Furthermore identified parameter values can be used as part of a robot diagnostics 
procedure for identifying particular problem areas in a design. Conversely, a non- 
pai'ametric calibration technique does not model specific manipulator errors, but rather uses 
an error map of the manipulator perfoimance across a portion of its workspace. Within this 
workspace, corrections to the robots positioning can made through the use of small 
corrections to the commanded end point location.
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Whatever technique is adopted, parametric or non-parametric, the process of 
calibration consists of four phases: modelling, identification, measurement, and 
compensation!. During the modelling phase, a mathematical description of the location of a 
reference frame attached to the end effector or tool is generated as a function of the joint 
motions of the manipulator. This is the forward kinematic model, and should contain all 
those sources of error that are considered to contiibute to robot inaccuracies. During 
identification, a scheme is devised that either directly calculates ‘real’ kinematic parameters 
through specific measurements, or estimates them by comparing the predicted static 
positioning of the robot with the measurement data. The measurement phase consists of 
recording the location, or some subset of the full 6-dof, of a suitable target attached to the 
robot, either at the end effector or some other moving part of the structure, over a portion 
of the robot’s working volume. Finally, to improve the accuracy of the manipulator a 
compensation scheme is required, in which the identified model parameters are used to 
detemiine the correct actuator signals that will drive the manipulator to the desired pose.
A thorough review of kinematic calibration methods is presented in Hollerbach 
[1989], which reports in particular on the achievements of the previous work in improving 
robot accuracy. The contributions of previous research having particular significance within 
each of the four phases; modelling, identification, measurement, and compensation, are 
presented below.
2.2. PARAMETRIC CALIBRATION METHODS
2.2.1. Modelling_____________________________________________
Classification of kinematic model representations has taken a variety of forms. 
Perhaps the most general is that proposed by Roth et. al. [1987], who identified three 
different levels of modelling. Level 1 is joint level calibration, the objective of which is to 
detennine the correct relationship between the joint displacement and the ti’ansducer signals, 
and is usually attempted by all present day industrial robots during start-up. Level 2 models 
are those encompassing the entire kinematic model including link lengths and joint
! The features associated with non-parametric calibration cannot be discussed in the same general manner as 
lliose of parametric calibration and are therefore deferred to a later section,
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misalignments, as well as the correct joint angle relationships, but which are limited to 
geometric errors only. Level 3 is non-kinematic calibration, in which the model of the 
manipulator includes such effects as joint compliance and friction, as well as manipulator 
dynamics, if dynamic control is required.
A majority of the proposed calibration models can be classified as level 2, although a 
small number of level 3 calibrations have been undertaken (Olsen and Bekey, 1985; 
Mukerjee and Ballard, 1985). Level 3 calibrations are required only when an accurate 
representation of the manipulator dynamics is necessary for the purpose of accurate 
dynamic control or simulation under the effects of high speed and load conditions. To 
improve the absolute static accuracy of a robot a level 2 calibration is necessary, and is the 
focus of this thesis.
DH Model
As for the kinematic model itself, the traditional representation of robot kinematics 
can be attiibuted to the convention developed by Denavit and Hartenburg [1955], known as 
the DH model. This model uses 4 parameters, the minimum number required, to describe 
the relationship between consecutive links in a serial chain (Figure 2.1). This description 
enables simple models to be generated of 'ideal' joint behaviour ie. pure translation, and 
pure rotation.
joint I joint i+1joint i-1
iink i
link I - 1
Figure 2,1. DH parameters for a revolute joint.
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For a revolute joint where link i rotates about joint i relative to link i-1 then di is the 
joint variable with a/, and di constants. For a prismatic joint, where link i slides along 
joint i relative to link i-1 then is the joint variable with a/, (%, and Oi constants.
Assignment of the link (i-1} frame on the joint i axis is achieved by following certain 
rules (Koren ,1985) based upon the unique common normal, which yields the following 
four DH paiameters describing the relationship between link frames {i-1} and (i) :
ai Angle between Z{.\ and Zj, measured in the plane perpendicular to the
common normal, known as the link twist angle.
9i Angle measured in the plane pei*pendicular to the Zi.i axis, from the Xi_i
axis to the common normal. This is the joint variable for a revolute joint.
ai Length of the common nomial between Z[.\ and Z\.
di Displacement between the intersection of the Xpi axis and the Xi axis along
the joint axis Z[.\, This is the joint vaiiable for a prismatic joint.
Paul [1981] developed a now widespread notation for the homogeneous 
transformation resulting from the combination of these four elements:
Ai = Rot(Z,0/) Trans(Z,t//) Trans(X,a/) Rot(X,t%;) (2 . 1)
which when combined yield:
c9i
s9^
0
0
-s 9 1 cai s 9 1 s a  I ai c 9i 
c9^ca  ^ -c9^sa  ^ ais9i
sa . ca; di
1
(2.2)
where c and s signify the cosine and sine of the angles respectively.
Using Paul's notation, the overall kinematic model of the manipulator sti'ucture from 
its base labelled frame 0 through to a frame attached to the end effector of the robot, known 
as frame N, is given by combining successive A/ mauices:
C23)
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The resultant transformation matrix Tjv being a function of the N joint variables 
with qi -  6i for a revolute joint and qi = di for a prismatic joint. Utilising the homogeneous 
properties of this notation, Paul developed a convenient method of determining an algebraic 
expression for the joint variables q, for a given end effector pose Xe 91 ,^ the inverse 
kinematics. The solution for a particular manipulator relies on the inherent design features 
of the structure. That is, that consecutive joints are either pai allel or perpendicular, ie. the 
link twist angle a  is either 0 degiees or 90 degrees. This feature simplifies the inverse 
kinematics solution significantly, since many elements of the Af matrices (Eq. 2.2), become 
zero or unity, thus enabling analytical expressions for the joint variables q to be generated 
for a vai’iety of simple manipulator structures.
These analytical expressions for the inverse kinematics, known as closed-form 
solutions, became widely adopted by developers of robotic systems, since fast and efficient 
algorithms could be used allowing ti*ajectories to be planned and executed with a minimum 
of computational cost. This 'real-time' control ability, made possible by the simplicity of 
the DH model, is a major advantage of using this technique. However, the same success 
cannot be said of the DH model when 'real' kinematic parameters are desired from a 
calibration scheme.
Both Hayati [1983] and Mooring [1983] simultaneously reported the problems with 
using the DH model for kinematic calibration. When consecutive joint axes are parallel, a 
unique common normal does not exist. In this case Paul [1981] suggested that the origin of 
the link frame be chosen to make the distance di zero for the next link (Figure 2.2a), a 
technique universally adopted. However, the problem arises when, during calibration, 
these joints are found to be slightly non-parallel due to manufacturing and assembly enors 
(Figure 2.2b). In this case, according to the DH convention, the link frame is assigned at 
the intersection, a point far away from its previously assumed location. Consequently, 
when the angle between the axis changes from zero to some small quantity, the DH 
parameter di changes from zero to an extremely large value. This discontinuity in the DH 
model represents a singularity which has severe consequences during a parameter 
identification scheme, and causes elements of the link transformation matrices A/ to vary 
widely in magnitude, resulting in ill-conditioning. Such ill-conditioning is known to lead to 
computational problems, such as numerical round-off (Forsythe and Moler, 1967).
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joint 1+1joint ijoint i+1joint i
a) parallel: di = 0 b) n e a r  parallel: d i -+
Figure 2.2. The discontinuity in the DH model.
An additional disadvantage of using the DH model for calibration purposes, is that 
even if 'correct' parameter values could be obtained, they could not be used to update the 
controller model, since the existing closed form analytical solution to the inverse kinematics 
problem would no longer be valid (Judd and Knasinski, 1987; Broderick and Cipra,
1988). Alternative methods of solving the inverse kinematics numerically would then need 
to be employed requiring additional hardware and software investments, which would 
again suffer from the inherent ill-conditioning in the DH model.
Alternative 4 paiameter models
Hayati [1983] proposed a modification to the DH model for consecutive parallel joints 
to overcome the singularity. By assuming the displacement di to be zero, an additional 
paiameter was added, a rotation f t  about the Ypi axis. In the case of re volute joints Hayati 
also included a fixed joint variable offset, corresponding to the encoder mounting eiTor. 
However, this 4 parameter modified DH model could only be used for revolute joints with 
consecutively parallel axes, since it suffered the same discontinuity for perpendiculai* joints 
and required an extra displacement parameter for prismatic joints.
The inability of the DH notation in modelling closed-loop and tree-structured 
mechanisms was highlighted by Khalil and Kleinfinger [1986]. They presented an 
alternative notation for kinematic representation utilising 4 similar transformations but 
allowing more than two joints per link. The ability of this model to be used for kinematic 
calibration purposes has not been discussed, although it appears likely that it will suffer a
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similar discontinuity to the DH model since it is dependant on the common normal. To 
date, no calibration efforts have been made with this alternative representation.
Payendeh and Goldenburg [1987] proposed quaternions as an alternative 
representation to using mati'ices for the relationships between links, which have been 
compared with homogeneous transforms by Funda et. al. [1990]. They are a combination 
of a scalar and a vector quantity, giving 4 parameters which can conveniently model lower 
pair joints, requiring 2 additional parameters for a screw pair (dual-unit quaternion). For 
conti'ol of robot manipulators, the storage requirements of the quaternion were shown to be 
lower than that of the matrix representation, although no advantage was evident for 
computational efficiency. As these authors point out, this representation has received little 
attention in robotics, and has to date not been investigated in terms of its suitability to 
calibration.
Five Pai ameter models
Hsu and Everett [1985] adopted Hayati's modified DH model for both revolute and 
prismatic joints by retaining the displacement d i  Consequently, the only difference 
between Hayati's five parameter model and the DH model in Equation (2.1) is the 
additional Rot(Y,ft) term, which has become recognised as 'Hayati's modification'.
Barker [1986] highlighted the problems with the standard DH assignment and 
proposed a modification allowing arbitrary selection of the displacement ft-, for 'better 
placement' of the joint i+1 axis system on revolute joints. Instead of constraining the 
normal vector to be perpendicular to both Zpi and Zi, he constrained it to be normal to only 
one of them, utilising a total of five parameters in the model. He showed through 
simulation that his five parameter model does not suffer the same discontinuity as the DH 
model.
Six Parameter Models
One of the major disadvantages with the DH model and those 4 and 5 parameter 
models derived from it is that they do not enable an arbitiary location of the link frame on 
the joint axis. To do this, 3 independent translations and 3 independent rotations are 
required, forming a model with 6 parameters per link. The consequence of this restriction
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in these lower order models is that the kinematic parameters depend not only on the shape 
of the link, but also on the shape of the previous link (Kim et. al., 1990).
Stone et. al. [1986] introduced a six parameter model for calibration purposes called 
the S-Model. This extends the DH model by introducing two additional transformations, a 
rotation about Zi % and a translation along Zj ft. The total model then allows an arbitrary 
assignment of the link coordinate frame upon the joint axis, in the case of both revolute and 
prismatic joints. They further compared their model with the DH representation and 
generated a simple algorithm for extracting the four DH parameters from the six S-Model 
parameters. Everett and Hsu [1988] analysed the S-Model in terms of its completeness, a 
term first defined by Everett et. al. [1987] as the capability of the model in expressing any 
possible variation in the geometry of the robot. In their analysis, they identify the non- 
arbitrary nature of the (world) and (tool) frame definitions, indicating that Stone's 
application of the S-Model cannot be used to explicitly describe the overall kinematic 
geometi'y, severely limiting its usefulness.
Higher order models
One of the most significant contributions to this research topic was made by Whitney 
et. al. [1984, 1986] who complemented their link model comprising of 6 fixed parameters 
plus a joint variable, by some non-geometric effects. These included gear transmission 
error (GTE), joint compliance and backlash which were specific to the particular 
manipulator under study, a Puma-560.
Mooring [1983] proposed a model based on Suh and Radcliffe’s screw operator 
[1978]. The model comprises of a unit vector u along the joint axis of rotation, a point p 
lying on the axis, and a rotation angle 0 for the joint motion. This represents six fixed link 
parameters plus a joint variable for each link. An alternative 7 parameter approach was 
presented by Broderick and Cipra [1988], who adopted the Shape matrix description of 
Sheth and Uicker [1971], which uses a 1-dof joint constraint matrix, and a 6-dof link 
transformation matrix.
There are also models that have been proposed using many more than the six 
parameters required for an arbitrary definition, including Vaishnav and Magi’ab's [1987] 
nine parameter model, and Driels and Pathre's [1987a, 1987b] ten parameter model. The 
reason for the use of this seemingly excessive number of parameters stems from the
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implicit assumption made in the majority of literature dealing with models using six 
parameter and less. That is, that joint motion can be modelled as a lower order pair, 
meaning that the coordinate axes meet at a point and are mutually orthogonal, and that 
motion is either a pure rotation in the case of a revolute joint, or a pure nanslation in the 
case of a prismatic joint. The major influence for these models of higher order pair motion 
is the study of machine tools in which long prismatic joints exhibit motion that cannot be 
modelled using this lower order pair assumption (Zhang et. al., 1985). During the motion 
of these joints, complex rotations and translations are experienced, with the joints 
designated higher order pairs. These complex models suit this particular problem simply 
because there are few joints, primarily prismatic, and therefore the motion of the end 
effector is directly related to the motion of the joints. However, in the case of industrial 
robots, unless a cartesian stincture is under study, the motion relationships are highly non­
linear. The application of models using large numbers of parameters per link can therefore 
be extremely difficult to interpret in terms of the particular physical features of the 
mechanism. Furthermore, as experienced by Vaishnav and Magi'ab [1987], many 
pai'ameters in the overall robot model are redundant and a sophisticated method of model 
reduction to eliminate any redundant parameters required. The difficulties associated with 
using these models indicate that they do not lend themselves readily to robot calibration.
Modelling Non-Geometric effects
The question of whether models of non-geometiic error sources should be included 
within the overall modelling scheme has been addressed by Ziegert and Datseris (1988). 
They state that although certain methodologies have been proposed that successfully 
identify non-geometric effects, they are likely to significantly complicate the inverse 
solution, which is required to compensate robot errors. However, if such errors are certain 
to exist in a particulai' structure, and they are not included within the calibration scheme, not 
only will their effects be compensated to some degiee by those geometric parameters that 
are included, but the resulting accuracy of the model may be inadequate.
Those schemes in particular that have included non-geometric effects include: Ahmad 
[1984], Zhang et. al. [1985], Whitney et. al. [1984, 1986], Chen and Chao [1986, 1987], 
Puskorius and Feldkamp [1987], Judd and Knasinski [1987, 1990], Mooring and 
Padavala [1989], and Duelen and Schroer [1991]. Explicit algorithms for various forms of 
non-geometric eiTors are evident in these works including those for joint compliance, 
bearing wobble, geai' transmission eiTor, link compliance, theimal distortion, and backlash.
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However, these algorithms are generally derived from detailed knowledge of the joint 
driving mechanism for the particular robot under study, and aie therefore not suitable for a 
different type of manipulator.
Others who have not included non-geometric enors, since they consider them to be 
insignificant include Veitschegger and Wu [1987, 1988], Hollerbach and Bennett [1987], 
and Kim et. al. [1990].
As an example of the differing views on the significance of non-geometric effects 
resulting from actual calibration experiments Whitney et. al. [1984, 1986] stated that errors 
due to non-geometiic effects for their Puma-560 were as significant as the geometiic ones 
(in the order of a few millimeties). Judd and Knasinski [1987, 1990] on the other hand 
concluded differently for their tests on an Automatix AID-900 robot. Joint angle offsets 
were found to be the lai'gest contributor with almost 90% of the root-mean-squaie error 
being attiibutable to them, link errors with 5%, and gearing errors only 0.5%.
Modelling Closed-Loop Structures
Figure 2.3. A schematic of a typical closed-loop robot structure.
A majority of the models detailed previously have one major feature in common, 
which is that they are suitable for modelling serial chain manipulators only. In an attempt to 
increase the structural integrity of robots, designers have utilised non-tiadirional motor and 
link combinations. Direct drive systems have been adopted because of their high stiffness 
characteristics and the reduction in non-geometric errors suffered from their geared 
counterparts, such as backlash (Asada and Youcef-Toumi, 1984). Such stiuctures have 
yielded particularly impressive performance specifications for SCARA type manipulators
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(Curran and Mayer, 1985; Stauffer, 1985). However, a major disadvantage with using 
direct-drive for more dextrous robot structures is their increased weight, making them 
unsuitable for the traditional serial chain construction. The solution adopted has been to 
develop parallel linkage mechanisms in which more optimal use is made of the power 
transmissions. Examples of this type of mechanism can be found in commercial industrial 
robots available from most of todays robot manufacturers, such as Cincinnati Milacron and 
ABB. A schematic of a typical closed-loop robot sti ncture is shown in Figure 2.3.
Calibration of these closed-loop mechanisms has received little attention to date, due 
to the special problems associated with them, including the fact that, in general, models 
proposed for serial link mechanisms are unable to accommodate links with more than a 
single joint (Khalil and Kleinfinger, 1986). One model foimulation that is suitable for both 
serial and closed linkage mechanisms is Sheth and Uicker's Shape mati'ix (Sheth and 
Uicker, 1971). This is a 7 pai'ameter ti’ansfomiation, with 6 fixed paiameters describing the 
shape of the link, plus 1 joint variable. To date this model has not been used for the 
purpose of kinematic calibration of closed-loop sti nctures.
Everett and Lin [1988] were the first to addiess the special problems with closed-loop 
mechanisms in respect of calibration issues. They extended an algorithm for calibration of 
serial chain mechanisms by imposing constraints on those parameters contained within a 
closed-loop, due to parameter interdependences. In addition to the overall open-loop 
tiansformation describing the end effector pose relative to the world reference frame for 
which the kinematic model used is not specified, they have closed-loop transformations 
containing the imposed constraints. Using this scheme, they simulate a simple 5-bar 
linkage is given with only three unknown kinematic parameters included in the calibration 
model, the angles between successive links. The authors comment that in the general case 
this approach requires solution of an unconstrained optimisation problem with a large 
number of unknowns, requiring more research before these special problems are 
overcome.
Everett [1989] extended this work by introducing a general 6 parameter link model, 
using 3 orthogonal translations and 3 orthogonal rotations. Of the 6 parameters per link, 
some are inevitably redundant because of the closed loops, and it is the constraint equations 
that clarify these dependencies. Also the closed-loop constiaint equations themselves have 
six fixed consu aints per joint configuration. Examples are given for 2 types of closed loop 
mechanism, for which those identifiable unknown parameters were highlighted.
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A  different approach to closed-loop calibration has been taken by Bennett and 
Hollerbach [1989]. They treat serial chain manipulators interacting with the environment, 
such as opening a door, as a closed-loop mechanism. Consequently end point sensing is 
not required, and the manipulator does not have to be calibrated before undertaking its task. 
Simply by moving the kinematic chain, including all robot and task joints (up to 5-dof), the 
unknown kinematic parameters may be identified. Their kinematic model consists of the 
traditional 4 DH parameters, plus an additional joint encoder offset parameter. This novel 
approach assumes that the robot is able, prior to being calibrated, to perform its task, 
indicating that the accuracy is already good enough, or teach mode progi’amming is used. It 
also assumes that the task kinematics are well defined. Since the aim of calibration is to 
improve accuracy in order that the robot may be more able to perform its task specified off­
line, this benefits of this technique seem un-clear.
2.2.3. Identification___________________________________________
Once a suitable model has been selected, a method of identifying either the 'actual' 
parameters of the model, or deviations from the 'nominal' values, through measurements 
of the robot motion is required. Generally identification can be divided into two categories, 
either global identification which attempts to simultaneously find all of the unknown 
parameters of the complete manipulator model from a set of measured data, or a more 
isolated approach in which individual joint motions ai*e performed enabling link parameters 
to be calculated between each identified joint axis.
Global Identification
Two forms of 'global' identification exist, linear and non-linear estimation (Driels and 
Pathre, 1990). Defining the tool pose as a 6x1 vector X, and assuming that the overall 
kinematic model is a function f  of known constant parameters y ,  unknown constant 
par ameters (|) and joint variables 0:
then the linear* approach assumes that small errors in the tool pose AX, are related to small 
deviations in the unknown kinematic par ameters A(j) and A0. By taking the first derivative 
of Equation (2.4), and neglecting all higher order terms:
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A 6 = f ^ i
9$ 96 (2.5)
AX = ^ A ( |)  + ^ A 0  = G f d f A<j)
9(|) 9 0 A 0
or more compactly,
j = l > m (2.6)
with J  the identification Jacobian and m the number of observations. Since all 
measurements have certain levels of noise and uncertainty associated with them, an 
important assumption is made in order to perform this 'global' identification . That is, that 
all measurement noise is assumed to be randomly distributed with zero mean. 
Consequently, the number of observations taken for the identification phase, is usually 
chosen to be much greater than the total number of unknown parameters to minimise the 
effects from measurement noise and uncertainty.
Equation (2.6), is known as the small error model, and since it is an over-determined 
linear system can be solved for AO by the application of some suitable least squares 
algorithm, such as the pseudo-inverse (Strang, 1980):
A® = (j Tj )-*j Ta x  (2.7)
An alternative approach is to treat the problem as a non-linear* regression model. 
Here, the exact manipulator tr ansform from Equation (2,4) //(\|/»^>G) is compared with the 
measured tool pose Xj, for a particular set of m measured configurations of the 
manipulator, with residuals
e(0 )= % y-fy (Y ,W ) (2.8)
Here no linearity assumptions are made concerning the size of the parameter enors, 
and the optimal parameter values 0  can be identified dir ectly by minimising some objective 
function L, such as the sum of the squares
m •p
L = É  [®jl [®jl- j = l.m
j =  ^ (2.9)
A variety of suitable non-linear optimisation algorithms ar*e available for* solving the 
overdetermined system in Eq. (2.9) (Dennis and Schabel, 1983).
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An important property that must be possessed by the global identification scheme, 
whether based on the linear or non-linear estimation procedure is proportionality. This was 
defined by Everett et. al. [1987] as the ability of a model to reflect small changes in the 
geometry of the robot by small variations in the model parameters. If this property is not 
possessed by the model, then the identification Jacobian, which describes the changes in 
the output function for changes in the unknown parameters will have ill-defined 
derivatives. Since the identification Jacobian is used both explicitly by the linear estimation 
procedure, and implicitly within the non-linear estimation procedure, this will lead to 
convergence difficulties, and could result in a failure of the identification process. This lack 
of proportionality is inherent to those proposed identification schemes which use the DH 
model (Ziegert and Datseris, 1988).
A number of examples of the use of linear estimation can be found in the literature, 
including: Wu [1983, 1984], Hayati [1983], Chen et. al. [1984], Zhen [1985], Okada and 
Mohri [1985], Ibarra and Ferreira [1986], Veitschegger and Wu [1987, 1988], Vaishnav 
and Magrab [1987], Hollerbach and Bennett [1987], Hayati et. al. [1988], Tsai and Sun 
[1988], Becquet et. al. [1988], and Bennett and Hollerbach [1989]. All these schemes 
assume only 1st order errors in the expansion of the output error function. Since parameter 
errors may not necessarily be small, especially if the model does not possess 
proportionality or if nominal values are difficult to assess, then this 1st order assumption 
may not be valid, and may result in an ineffective calibration.
Veitschegger and Wu [1986] compared the accuracy of the identification for 
expansion of the output error to include both 1st and 2nd order tenns through simulation. 
They concluded that if parameter enors were large, then the increased complexity and 
computational requirements associated with the 2nd order error tenns may be justifiable 
since accuracy is improved. An example of a linear estimation scheme that includes these 
2nd order error terms was proposed by Kirchner et. al. [1987].
Those schemes which have taken the non-linear approach include Whitney et. al. 
[1984, 1986], Menq et. al. [1988], Borm and Menq [1989], Everett and Lin [1988], 
Everett [1989], and Duelen and Schroer [1991].
Driels and Pathre [1990] compared the advantages and disadvantages of the linear and 
non-linear estimation procedures through simulation experiments on a Puma-560 
manipulator. The disadvantages of using the linear approach include the necessity of a user
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written routine for the elements of the identification Jacobian, and the requirement of a 
'good' initial guess ensuring small errors. In the first case, generation of the Jacobian is not 
a trivial task, since the governing equations aie highly non-linear, and the generation of a 
suitable routine to calculate the elements of the Jacobian may lead to programming errors. 
Furthermore, the introduction of additional parameters in the identification, such as those 
for non-geometric effects will further complicate this task. Secondly, there may be certain 
parameters for which a 'nominal guess' may be difficult to ascertain from the design 
drawings, such as those fonning the hansfonnation between the external measuring system 
and the robot base.
The advantages of a non-linear solution to the identification problem include their 
robustness to ill-conditioned problems, and the requirement of the forward kinematics 
model only. Firstly, for models in which certain parameters may become redundant for a 
particular* data set, sophisticated non-linear* optimisation algorithms such as Levenburg- 
Marquardt are still well defined and remain likely to converge (Dennis and Schabel, 1983). 
Secondly, implementations of these non-linear algorithms such as that by IMSL 
(DUNLSF: IMSL, 1989) require only a forward kinematic model from the user, with a 
finite difference Jacobian automatically generated for use in the iteration process. This 
allows the identification scheme to be easily modified to contain additional error models 
such as those due to non-geomehic effects.
From their simulations, these authors found that identical parameter estimates were 
obtained from both schemes, with the linear approach being approximately 8 times faster. 
However, they stated that since calibration is performed off-line the issue of speed is not as 
important as the issue of flexibility and ease of use which is inherent in the non-linear 
approach.
One feature of calibration experiments particulai* to the 'global' identification approach 
that has recently received attention is parameter observability. If the unknown kinematic 
parameters are not sufficiently excited by the measurement data then the identification 
Jacobian may become rank deficient, indicating a poor observation stiategy (Driels and 
Pathre, 1990). This occurs when its columns, which ai*e the first order derivatives of the 
output error with respect to the paiameters, are not linearly independent, allowing those 
parameters to vary arbitrai*ily. This situation can also exist independently of the obsei*vation 
strategy chosen, when parameter redundancy exists. This occurs when two or more 
parameters have the same influence on the output function. This has been experienced by a
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large number of researchers who have had to reduce the total number of parameters in the 
model for the optimisation algorithm to be stable, including Chen et. al. [1984], Chen and 
Chao [1986], Vaishnav and Magrab [1987], and Puskorius and Feldkamp [1987].
Hayati [1983] gave a qualitative judgement of a good observation strategy as one in 
which the joint states vary significantly fr om observation to observation in order to provide 
new information for the parameter vector. Menq et. al. [1988] later quantified the 
obsei*vability by defining the ‘observability index’ which increases as the attribution of the 
position errors to parameter errors becomes dominant, and the effects of measurement 
noise and unmodelled effects become less significant. A modified form of this index was 
utilised by Driels and Pathre [1990] for their simulation experiments, in which the 
Condition Number of the identification Jacobian was used to assess the quality of various 
observation strategies. They showed this index to be inversely related to the ‘observability 
index’ of Menq et. al. [1988]. Applications of the observability measure within the 
literature include an algorithm for determining the optimal configurations of the manipulator 
for best observability (Menq et. al., 1988), and the automatic generation of test positions 
within a specified region of the workspace (Zak et. al., 1988).
Isolated Identification
Instead of attempting to identify all the unknown parameters of the overall robot 
geometry simultaneously, an alternative approach has been taken by some reseai*chers, that 
of individual joint motions. By exercising each joint of the manipulator individually and 
recording the motions of a suitable target attached to the moving part of the structure, link 
frames can be assigned for each joint. Once consecutive joints have been exercised, the 
parameters, according to some kinematic model, describing the relationship between these 
assigned frames can be calculated. This technique has been used by Mooring [1983], 
Barker [1986], Stone and Sanderson [1987], Broderick and Cipra [1988] and Kim et. al. 
[1990].
The kinematic models used to implement this identification scheme vary, but the 
necessaiy requirement for such a model is that it must enable an arbitrary placement of the 
link frame upon the joint axis. Consequently, these models tend to contain a minimum of 
six parameters describing the link geometry, however, since these parameters are not 
included as part of a 'global' identification scheme, the complexity of the model does not 
necessarily effect the efficiency of the identification process. The obvious advantage of
FAJC). 7()P7 D. jjkwifoM 3()
Chapter!: A Review o f Kinematic Calibration
using this type of identification scheme is that tlie identified link parameters are more likely 
to reflect the 'actual' geometry of the link, since they are not part of a 'best fit' model as 
they are in the case of global schemes. Furthermore identification using these diiect means 
reduces the burden on the numerical optimisation employed, which for large numbers of 
parameters are likely to suffer from singularities due to parameter redundancy, singularities 
due to insufficient excitation, singularities due to lack of proportionality in the model and 
also transient singularities during optimisation (Bennett and Hollerbach, 1989).
There are certain disadvantages that have limited the widespread use of these 
schemes. They include the fact that large amounts of data are required, and that the resultant 
model may lack completeness. Firstly, the measurement data, which must be taken with a 
single set-up of the measurement device, and must track target motion over large joint 
ranges, must contain enough target locations (or 3D position) so that measurement errors 
and unmodelled effects are minimised. Usually application of a least-squares algorithm 
determines the parameters of a circle generated by a revolute joint or those of a line 
generated by a prismatic joint (Stone, 1987). This type of measurement demands a 
sophisticated instrument. Secondly for the completeness of the identified model as defined 
by Everett et. al. [1987]. By only assigning link frames on moveable joints of the 
manipulator, there aie certain transformation that cannot be determined. These include the 
relationship between the instrument coordinate frame and the base of the robot, and the 
relationship between the frame attached to the last moveable joint neai est the end effector, 
and the tool mounting plate. Any identification scheme that does not explicitly identify these 
transfomiations will not provide a complete description of the robot geometry, and will not 
therefore be able to improve the absolute peiformance of the robot.
Using a screw operator Everett and Suryohadiprojo [1988] developed a constiaint on 
the minimum number of parameters 'C  that must be present for completeness: C = 4R + 
2P + 6, with R the number of revolute joints, P the number of prismatic joints, and six 
additional parameters required for the arbitrary definition of the end effector from the last 
joint. This excludes the joint variables, of which there will be N (= R + P) for an N-jointed 
manipulator. This constraint equation is only applicable to joints having pure motion, that is 
lower order pairs, and excludes non-geometric effects that may require identification. 
Furthermore, this constraint only applies to models that do not allow an arbiti'aiy placement 
of link frames on the joint axes.
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Applying this to a typical industrial robot, a Puma-560 6-dof robot comprising of 6 
revolute joints, then for completeness, according to the above definition, a model must 
contain a minimum of 30 fixed kinematic parameters plus 6 joint variables. This implies 
that any model having less than this number will therefore not be able to model accurately 
the physical system, since certain sources of error will not be modelled. Furthermore, this 
also implies that any model having more than this number of parameters is likely to be 
redundant, with more than one model parameter accommodating a single physical error, 
unless ai'bitrary link frames are assigned. Redundancy in the model leads to singularities 
during the identification process which may be difficult to overcome without using 
sophisticated numerical algorithms (Bennett and Hollerbach, 1989).
Simulating the identification process
Prior to performing any measurements of the robot, which requires production down­
time if the robot is in use within the manufacturing cell, as well as operator costs for 
programming purposes, the optimal conditions for the calibration experiments should be 
identified a-priori through the use of simulation techniques. Zak et. al. [1988] first 
described the importance of simulation in minimising both the cost and duration of the 
calibration with the limited instrumentation available. Of the parameters likely to effect the 
calibration accuracy, they considered the number of measurements and their precision to be 
the most significant.
All of the test parameters that may be adjusted during the calibration experiments 
should be included within the simulation. Driels and Pathre [1990] listed the various factors 
they considered that would have an effect on the parameter identification procedure:
1 ) choice of kinematic model,
2) type of measurement method (pose, 3D position, line of sight),
3) number of measurements,
4) accuracy of the observation measurements,
5) noise in the measurements,
6) accuracy and noise at the robot joint encoders,
7) quality of the initial estimate of parameters,
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8) observation spread, that is the variation of the independent joint 
variables during observations,
9) type of identification parameters (geometric, non-geometric).
Identifying the parameters that most significantly effect the performance of the 
manipulator at the end effector can be achieved by performing a sensitivity analysis of the 
model. Menq and Borm [1988] mapped the model errors into cartesian space to generate 
ellipsoids of positioning accuracy at the end effector, however, this does not explicitly 
describe which parameters have the most significant influence. Two deterministic 
sensitivity methods were proposed by Kaizerman et. al. [1990]. The Direct Sensitivity 
Approach (DSA), and the Adjoint Sensitivity Method (ASM). For robot calibration, in 
which there are a large number of parameters with only a single response such as pose 
accuracy, they state that the ASM is particularly suitable. The ASM provides sensitivity 
coefficients for the response function with respect to the all the input parameters. Their first 
order analysis is given for a simple 2 link planar manipulator, and although the method 
seems promising, the complexities associated with a full kinematic model of a typical 6-dof 
industrial robot, with possibly non-geometric effects included are not considered, and may 
complicate this procedure beyond a usable level.
2.2.2. Measurement _____ _
To improve manipulator performance through calibration techniques it is necessary 
for some form of measuring device to be available that can provide the desired data, 
possessing the desired degrees-of-freedom and accuracy, in order that parameter 
identification can be achieved. In the literature, most proposed calibration schemes rely on 
end effector measurements of the manipulator over large numbers of cartesian points, using 
an external measuring device. Those schemes that require a complete 6-dof pose 
measurement of a tai'get attached to the end effector over the workspace have not been 
possible simply because of the lack of suitable instrumentation. Developments in robot 
meti'ology have been reviewed extensively by Lau and Hocken [1984], Jiang et. al. [1988], 
Dagalakis and Lau [1988], Hollerbach [1989], Vira and Es tier [1990] and Van Brussel 
[1990].
Calibration experiments to date have mostly either taken place with manual theodolites 
(Whitney et. al. 1984, 1986; Judd and Knasinski, 1987, 1990), precision fixtures and
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tooling jigs (Foulloy and Kelly, 1984; Hsu and Everett, 1985; Veitschegger and Wu, 1988; 
Wu et. al., 1988; Mooring and Pack, 1988), or coordinate measuring machines (Ishii et. 
al., 1986; Borm and Menq, 1989; Mooring and Padavala, 1989). Each of these methods 
requires manual intervention by the test engineer, and since large numbers of measurements 
are often required, these methods are tedious and are likely to be extiemely time 
consuming.
Ideally, the instrument used for calibration should be able to automatically track the 
target attached to the end effector, or if mounted on the end effector, measure reference 
features automatically. Camera systems using charge coupled device (CCD) arrays have 
been developed for studying moving targets, which by using led’s attached to the 
manipulators tool plate, can be used to generate both position and orientation measurements 
(Selcom, 1986; Northern Digital, 1986). However, as Hollerbach and Bennett [1988] point 
out, current accuracy limitations of these devices make them unsuitable for kinematic 
calibration, with accuracy in the order of a few millimetres over the workspace of a typical 
robot. This figure can be reduced by re-positioning and re-calibrating the devices for small 
areas of the workspace. Camera systems attached to the robot structure used to measure 
reference object features have been adopted by Puskorius and Feldkamp [1987], Lin et. al. 
[1986], and Red et. al. [1989] typically with accuracies in the order of ±0.15mm to 
±0.5mm over a 250mm cubed working area. More sophisticated methods that have been 
used for calibration include the H-P laser interferometer for line-of-sight measurements 
(Zhang et. al., 1985), the 3 wire potentiometer system (Payannet et. al., 1985), the NBS 3 
theodolite stereotriangulation instrument (Chen and Chao, 1986), and Stone’s ultrasonic 
system (Stone and Sanderson, 1987) with an accuracy of ±2mm over a 1.5m working 
range.
When deciding on the desired performance specification for a calibration insU ument, 
consideration must be given to the objectives of the particular calibration exercise. If 
absolute accuracy (ie. accuracy relative to the base coordinates of the robot), is to be 
improved over a large portion of the robot’s working space, accommodating a variety of 
joint configurations, then a sophisticated measurement device capable of either complete 6D 
pose measurements or at least 3D position measurements is required. However, if accuracy 
in a plane relative to some reference object is required, such as in a typical assembly 
operation, then simple 2D measurements may suffice (Red et. al., 1989).
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Perhaps the overriding influence behind recent developments in robot metrology is 
the wish to be able to test robots according to the International Organisation for 
Standardisation's specification for robot testing, ISO 9283 [1990], which has been fully 
adopted as a British Standard, BS 7228: Section 4.1 [1991]. Although no reference is 
made to the type of instrument that must be used, a restriction on the allowable accuracy is 
specified. It is that the instrument must have a total uncertainty that is at least four times 
smaller than the magnitude of the particular performance criteria under study. In the case of 
robot accuracy, for which the ultimate goal is reduce accuracy to the level of repeatability, 
which is reported to be in the order of ±0.1 mm for small devices such as a Puma-560 
(Whitney et. al., 1986), and is likely to be slightly greater for larger manipulators, the 
instrument accuracy must be in the order of ±0.025mm. This is a severe requirement, and 
one that cannot be matched by a majority of the available instruments except the most 
sophisticated and no doubt expensive, such as the NIST (National Institute for Standards 
and Technology) laser tracking interferometer system (Vira and Estler, 1990).
One of the most promising techniques for measuring the performance of rigid body 
structures is laser tracking triangulation (Gilby and Parker, 1984). Here, instead of the one 
laser interferometer as used within the NIST system, two standard lasers are required, with 
target positioning inferred from the well established technique of triangulation. Recent 
developments in an instrument developed by Mayer and Paiker [1988] have culminated in a 
pre-commercial system called OPTOTRAC (Appendix B). Prior to this thesis the 
OPTOTRAC instr ument has not been used to identify the 'actual' robot kinematics.
2.2.4. Compensation____________________________ _____________
The objective of any calibration scheme is to improve the performance of the 
manipulator. Ideally this should be achieved by using the identified model of the robot 
within the robot contr oller, so that the correct joint angles are calculated to drive the servo 
motors. Referring to Figure 2.4, which describes a typical control loop anangement for a 
robot manipulator, the nominal inverse kinematics algorithm used by the tr ajectory
generator to provide the joint servo commands.
If the actual manipulator forward kinematics are denoted then the inverse
kinematics should produce /âctua]-  ^discrepancy exists between the model used by the 
inverse kinematics algorithm and that corresponding to the actual manipulator, then
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positioning deviations will occur. These deviations will be present not only at the path end 
points, but also during motion since the inverse kinematics is used to provide incremental 
joint servo positioning commands in the trajectory generator (Kissilevsky et. al., 1986).
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Figure 2.4. Basic robot control structure for position control.
Currently, commercial robot controllers have dedicated trajectory generation 
algorithms to achieve high speeds without the overheads of high computing costs. To 
achieve these high speeds, the forward and inverse kinematics algorithms are based on the 
nominal or design model of the mechanism. This model assumes perfectly manufactured 
and assembled components, allowing the highly non-lineai* kinematic equations which 
contain a large number of transcendental function calls to be simplified considerably, with 
the resulting matrices containing ones, zeroes and constants (Broderick and Cipra, 1988). 
Inverse kinematics based on these simplified equations can be derived analytically and have 
been denoted 'closed-form' by robotics researchers. Unfortunately robot manufacturers 
operate with a closed system policy for commercial sensitivity purposes, and therefore 
these kinematics and uajectory interpolation algorithms are not accessible to robot users.
This closed system approach using simplified motion generation equations has two 
implications for robot calibration. Firstly, since robot controllers are essentially 
inaccessible, robot calibration information in terms of parameters of an accurate robot 
model, and accurate inverse kinematics cannot be implemented within the controller.
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Secondly, even if these kinematic models could be accessed by the user, the algorithms 
employed ai*e dedicated to simplified model representations such as the DH model. 
Therefore calibration information could not be accommodated, since the 'closed-form' 
solution would no longer be valid (Judd and Knasinski, 1987, 1990; Broderick and Cipra, 
1988). The necessary alternative is to use a numerical solution to the real kinematics, 
whether it is based on the DH model, or some other more sophisticated model which 
overcomes the DH ill-conditioning problem during identification. These iterative solutions 
are computationally expensive and are generally not implemented within commercial 
controllers due to the speed limitations (Tsai and Orin, 1987).
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Figure 2.5. A scheme for off-line inaccuracy compensation.
The alternative to increasing the inherent accuracy of the manipulator is to make 
compensations for the inaccuracies in the structure off-line. Since the main objective of 
calibration is to allow off-line generated robot programs to be performed accurately, 
information provided to the robot controller can be used to 'fool' the robot which contains 
the nominal description.
Consider Figure 2.5 in which the OLP system has a nominal model of the 
manipulator, used for simulation and location generation puiposes. The command locations 
for the robot, called the desired locations Xd is, without compensation, transferred directly 
to the robot controller along with the program insti'uctions for execution. To compensate 
for the deviations between the nominal and actual models of the robot, the compensation 
system undertakes the following two steps. Firstly the inverse solution of the actual
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kinematics /actual used to generate the corresponding joint angles Gq. Then, these angles 
are processed through a foi-ward version of the nominal kinematics f^ l^ .  which transforms 
them into 'dummy' cartesian locations. These 'dummy' locations Xc are those that when 
processed back through the inverse of the nominal kinematics within the controller, will 
produce the joint angles Gq. The achieved location of the tool Xa with then be equivalent to 
the deshed cartesian location Xd- This scheme was detailed by Duelen and Schroer [1991], 
although no implementation details were given.
The problem of finding the inverse solution to the actual manipulator kinematics has 
generally been approached by using an iterative technique which utilises the manipulator 
Jacobian matrix (Hayati et. al., 1988; Hollerbach, 1989). The manipulator Jacobian is the 
matiix that describes the mapping of joint space velocities onto cartesian velocities at the 
end effector ie.
X = J ( 0 ) 0  (2 .1 0 )
Most schemes assume a small deviation only in the end point positioning between the 
nominal model, and the model corresponding to the real physical structure. Since the 
nominal model is generally available X = f  nj,^(G) then for any desired end point location 
Xd, the nominal solution can be obtained G nom  = generally in a closed form.
Therefore the actual end point location resulting fr om this nominal set of joint angles is Xa 
~ /actuai(®nom)- The 'small' error at the end effector AX = Xd - Xa, is given by:
A X  =  J(G nom )AG  (2 .1 1 )
which when inverted yields the required change in the joint angles
A 0  =  J - ^ 9 n o m )A X  (2 .1 2 )
and therefore, the command angles required to drive the manipulator to the desired location 
Xd are
0c = Gnom + AG (2.13)
Various compensation procedures based on this scheme have been described in the 
literature including Payannet et. al. [1985], Kirchner et. al. [1987], Veitschegger and Wu 
[1987, 1988], and Hayati et. al [1988]. Veitschegger and Wu [1987, 1988] compensated 
for the geometi'ic errors in a Puma-560 by taking a variety of different arm configurations 
in their data set reducing the maximum positioning error from 21mm down to 0.3mm. 
Hayati et. al. [1988] used 50 measurements of a Puma-560 over a 2D calibration plate to
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reduce the positioning eiTor from 6mm to 2mm within the workspace of the calibration 
plate.
Inaccuracy compensation using the above technique, with command locations 
modified before being sent to the conti'oller is an off-line procedure. Speed requirements 
are therefore not crucial to the success or failure of this scheme. However, there are 
instances when trajectory information requires updating on-line whilst the robot is 
perfomiing the task, such as when using a task tracking sensor, or a workpiece localisation 
sensor. In such cases the compensation of commanded locations must be performed either 
within the robot controller or within a workcell conti'oller that has a real-time link to the 
robot (Figure 2.6). Motion update commands for a typical commercial robot controller 
running under an operating system similai* to VALU (Shimano et. al., 1984) take place 
approximately eveiy 28msec. If the compensation scheme cannot provide new trajectory 
information within this speed, then the task motion will be limited by the speed of 
compensation.
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R obot contro ller S e n s o r
J nom H-1
C o m p en sa tio n  Ç  
sy s tem
nom
Xupd
Xd +  Xjpd
Figure 2.6. A scheme for on-line compensation.
Wu et. al. [1988] designed a robot accuracy compensator for on-line compensation 
within the controller, using a parallel computing architecture for the 'real-time' speed 
requirements. Although this work looks extremely promising, the compensator is only 
simulated, and no implementation details are given.
2.3. NON-PARAMETRIC CALIBRATION METHODS__________________________
Instead of generating complex models that attempt to characterise the real physical 
structure of the robot containing all the likely sources of error, an alternative approach
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considered by only a few researchers has been to treat the 'real' kinematics as an unknown 
function, a so called 'black box' approach. Given the fact that the manipulator is generally 
programmed in cartesian coordinates, then by compaiing the attained pose to the desired 
pose it is possible to 'fit' a model between them. Then by performing compensation in 
small regions of the workspace, this model can be used to determine the small corrections 
required to drive the robot to the desired pose in either joint space or cartesian space, 
without any knowledge of the 'true' physical stmcture of the robot.
The first example of this technique was reported by Foulloy and Kelly [1984]. For 
their "correction matiix", they assumed that within a small volume of the workspace the 
error vector at the end effector depends directly on the applied pose, and can therefore be 
modelled linearly. Using a least squares solution, they identified a correction matrix, which 
when applied to the desned pose, corrected the cartesian coordinates to adjust the applied or 
command pose. A special calibration cube was used with 25 precision points drilled into 2 
opposite faces, in which a calibration tool with 4 precision posts is placed. Here only local 
accuracy is measured with respect to the cube reference coordinate frame which 
conesponds to some hole configuration. They successfully applied this technique to 
calibration of a camera and robot combination reducing the average positioning error by a 
factor of ten.
Shamma and Whitney [1987] performed their inverse calibration through a non- 
parametric method by making adjustments to the encoder readings based on obseiwed 
eiTors between the commanded and actual end-point errors. The method used was to split 
the general 6-dof manipulator into two 3-dof problems, by separation at the wrist. For each 
3-dof calibration, an approximate inverse is required based on the robots nominal model to 
provide the approximate joint angles. Approximation functions based on multi-variate 
polynomials, calculated over data points organised by Tchebychev spacing were then used 
to conect the joint angles. Simulation of the full 6-dof using a Puma-560 model was 
undertaken for 64 points using tri-variate polynomial functions. Improvements from 
2.5mm maximum deviation to 0.3mm was reported at the test points. For the 6-dof 
calibration, only position was coiTected, and using a complicated extension to the previous 
3-dof work with joint 6 locked produced improvements down to 0.5mm.,
Red et. al. [1989] point out that during typical manufacturing processes, parts ai’e 
assembled relative to one another and not in relation to some abstract global reference frame 
such as the base of the robot. For their assembly specific calibration, they map the
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inaccuracy of a Seiko RT-3000 cylindrical robot over a calibration template using a robot 
mounted camera for accuracy measurements with respect to certain reference features. 
Linear compensation equations are presented and the relative positioning accuracy is 
reduced from 0.6mm by a factor of 10. Since the robot has good accuracy prior to 
calibration, the benefits of this technique for all but the most precise of assembly tasks aie 
not obvious, since in most applications certain amounts of compliance will be built in to the 
task kinematics.
Finite element methods using a table look-up approach seem particularly suitable for 
the non-parametric method. Recent work by Lee [1990] used finite element type 
interpolations within a 3D grid of elements in a particular region of a Puma-560's 
workspace. By measuring the attained positions using the OPTOTRAC system and 
knowing the corresponding command positions, a linear interpolation scheme was 
proposed to adjust the caitesian coordinates. Experiments were shown to improve the 
positioning accuracy from 1.58mm to 0.18mm for a 50mm sided element. Results for 
larger element sizes, requiring considerably fewer measurement points across the 
workspace were also given. For a 350mm sided element, the maximum positioning error 
was reduced from 2.35mm to 1.24mm, These maximum deviations however, do not 
comply with those previously encountered in the literature, which are in the order of 10mm 
before coiTection for the Puma. This is caused by the fact that the accuracy figures quoted 
aie based on a fit between the command positions in the robot frame and the attained 
positions in the sensor frame, and therefore represent a distortion of the shape of the cube 
and not the absolute accuracy of the robot, since the base axes of the robot aie not defined.
The advantages of these non-paiameti'ic methods over parametric ones include:
♦ There is no requirement to model all the sources of error that are likely to 
contribute to the robot end-point location errors, since all the errors are 
contained within a single function,
• A simple look-up table approach can be adopted for data taken in
the desired task space of the manipulator. Consequently, interpolation 
schemes can be used to provide effective local accuracy improvements for 
the correct robot configuration and load chai acteristics.
The disadvantages include:
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Errors in the robot performance cannot be attributed to any pai ticular defect 
in the manipulator structure during non-parametric calibration, and cannot 
therefore be used within a diagnostics procedure.
Improvements from non-paiametiic calibration are relative only to some 
local coordinate system, such as that attached to the calibration object. 
Consequently, any command poses referred to the base axis of the robot 
rather than this reference feature will not experience the same levels of 
improvement. This is paiticulaiiy relevant to off-line progiamming, which 
generally provides command poses relative to the robot frame.
'Error mapping' is only good for specific test conditions, such as the 
configuration of the arm, wrist angle, and the load. Any changes in these 
conditions is likely to distort the error map, and will therefore reduce the 
effectiveness of the compensation procedure.
Parametric techniques can provide effective accuracy improvements 
throughout the robots workspace for all configurations of the arm if 
identification measurements are performed over a wide variety of joint 
configurations and well spaced cartesian points.
Parameters having most significance on the positioning deviations at the end 
effector can be identified via parametric techniques for both design and 
diagnostics puiposes.
2.4. SUMMARY
A variety of kinematic models and parameter identification schemes have been 
proposed for the purpose of robot kinematic calibration which attempt to improve the static 
positioning performance of industiial robots. Traditional kinematic representations for 
robotic mechanisms allow simple algorithms to be derived for manipulator contiol, but 
suffer problems if included within a calibration methodology. Alternative models have been 
developed that are well suited to the pai*ameter identification problem but which complicate 
the conti'ol algorithms sufficiently that inaccuracy compensation systems are necessaiy.
Of the previously proposed kinematic models those that use at least six parameters to 
describe the relationship between consecutive links in a serial chain are best suited to 
calibration, since they allow an arbitiary location of the link frame on the joint axis. 
However, identification schemes that use these models tend only to determine the 'accurate'
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pai'ameters of the model between axes systems attached to moveable joints. Consequently 
certain transformations that are required to describe the complete geometry of the 
manipulator for inaccuracy compensation are not included. Alternative schemes attempt to 
globally identify all the unknown pai’ameters within the overall kinematic model of the 
robot from one set of measurements of end effector positioning. These schemes tend to 
exhibit numerical difficulties during parameter identification due to the large numbers of 
parameters present. As well as identifying geometric errors in the mechanism certain 
schemes have modelled and identified non-geometric errors which seem prevalent in 
manipulators using geaied drive mechanisms. Unfortunately generic algorithms do not 
seem applicable for modelling these non-geometric errors and may limit the usefulness of 
such identification within a systematic calibration methodology.
A completely different approach to improving manipulator static peifoimance can be 
taken if the actual parameters that represent the true geometry of the mechanism aie not 
required, and manipulator accuracy is only needed locally for a specific task. So called non- 
parametiic calibration techniques deteimine small corrections to the command locations via 
an error mapping technique. However, these methods of calibration are not widespread in 
the literature, possibly because of their limited usefulness in manipulator control and 
diagnostics procedures and also their susceptibility to changes in the operating conditions 
for the robot.
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3, AN IMPROVED KINEMATIC CALIBRATION APPROACH
A new kinematic calibration methodology for improving the static accuracy of serial 
chain manipulators is proposed in this Chapter. The kinematic model describing the 
relationship between the joints of the manipulator is based upon Stone's 6 parameter S- 
Model (Stone et. al., 1986), which is modified to allow a complete description of the 
manipulator to be identified for the purpose of inaccuracy compensation. Identification of 
the model parameters is divided into two phases, which overcomes the numerical 
difficulties encountered in many of the schemes in the literature. Validation of both phases 
of the identification is performed by examining the effects on the accuracy of the identified 
pai'ameters for varying experimental conditions through numerical simulation. Simulation 
of the measurement data necessary for the identification process is based on data available 
from the OPTOTRAC measuring instiument (Appendix B).
In general the discussions on the completeness of the kinematic representation aie 
based on one particulai' manipulator, a Puma-560 6 degree of freedom device. However, 
with minor modifications the proposed model and identification schemes could be applied 
to any serial chain mechanism comprised of revolute joints. Prismatic joints are not 
analysed due to time constraints.
3.1. A MODIFIED S-MODEL (MSM) FOR CALIBRATION_______________________
The S-Model proposed by Stone et. al. [1986] has been chosen as a basis for the 
kinematic calibration model, since it is based on a 6 parameter description of the 
relationships between consecutive joints in a serial chain. Examination of the S-Model by 
Everett and Hsu [1988] showed that this model is not 'complete' since it does not allow 
arbitrary {world} and (tool) frame definitions. In this thesis the S-Model has been 
modified to provide a complete model suitable for kinematic calibration of serial chain 
manipulators. In addition to the modifications allowing arbitrary (world) and (tool)
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frames, further modifications allow additional ill-defined geometric pai'ameters to be 
explicitly identified including the encoder mounting errors which effect the zero positioning 
of the manipulators joints.
3.1.1. Kinematic description of the S-Model______________________
Essentially the S-Model differs fi'om the Denavit-Hartenburg model in two respects, 
in that there are additional tianslation and orientation parameters that allow an arbitrary 
positioning and orientation of the link frame on the joint axis. Referring to Figure 3.1, the 
additional parameters Trans(Z,^/) and Rot(z,]^) indicate a tianslation along the Zi_i axis by 
an amount bi and a rotation about the Zj.i axis by Ji respectively. The effect of these two 
transfoi'mations is to make the link coordinate system align with the Denavit-Hartenburg 
coordinate system.
In the S-Model, the homogeneous tiansformation relating (link i-lj to (link ij aie 
designated the Bi matiices, and the overall tiansfoimation matiix from the (base) frame to 
the last joint frame (N) is now 5/y which is analogous to the A/ and matrices in the DH 
model (Section 2.2.1)
N
= ^ 1 ^ 2  - ' = ni =7 (3.1)
where the individual tiansformation matiices Bi are given by
B ^  = Rot(Z,j3y) Trans(Z,(7^) Trans(X,a^ 
Rot(X,oc )^ Rot(Z,7j) Trans(Z,6^ (3.2)
Expanding (3.2) yields
n^  Ox spisai bisp^sai + aicp-
n y  O y  -cp^sai -bicpisai + aispi
sapYi sa fY i cai
0 0 0
b i  c a i  4- d i  
1
(3.3)
where
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n^ = cP iC Y i-sp ica jsri, 
ny^spicri + cp^caisji,
0% = < P i  s j i  ■ s P i  c a i  . and 
Oy = -s/3; S7; -H c/3; C0£; C/; .
with s and c indicating the sine and cosine of the angles respectively.
According to Stone [1987], the following four assignments are required to specify the 
locations of the S-Model link coordinate fi’ames (Figure 3.1):
a. The Z axis of (link i- lj  frame must be parallel to the joint i axis in the
direction defined by the positive sense of the rotation or translation of the ith 
joint;
b . The origin of the i-1 coordinate frame must lie on the joint i axis;
c. The Z axis of the last (Nth) coordinate frame is parallel to the Z axis of the
next to last coordinate frame (link N-IJ;
d. The origin of the last coordinate frame lies on the Z^_i axis.
joint i joint i+1
joint 1-1
I mk  I
link I-
DH
DH
Figure 3.1. Definition of S-Model kinematic parameters.
Identification of the 6 kinematic parameters is carried out by first identifying the 
global locations of the individual joint axis, and then by attaching coordinate frames to
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these joint axis according to the above four rules. Consecutive frames are then assigned the 
6 kinematic parameters so that the manipulator Bi matrices are formed. Finally these 
matrices are concatenated to form the overall S-Model ti'ansformation from the base frame 
'O' to the Nth or last frame to give %  (Equation 3.1).
The S-Model pai'ameters have a relationship with the DH parameters, since the unique 
common noi'mal is used in both to determine certain model parameters. By comparing the 
individual ti'ansfoimations that comprise the S-Model and DH Model (Equations 2.1 and 
3.2), and also Figures 2.1 and 3.1, the following relationships between the 4 DH 
pai'ameters and the 6 S-Model pai'ameters are evident:
« I  =
f t  + 7i-i
di = di + bpj (3.5)
3.1.2. Modifications to the S-Model______________________________
Everett and Hsu [1988] examined the S-Model in terms of the non-ai'bitrary nature of 
link frame assignments for both the (world) frame location and also the (tool) frame 
location. They point out that the S-Model has enough parameters to model an arbitrary 
(tool) frame, since the (tool) frame is modelled by the 6 S-Model parameters and can 
therefore be located arbitrai'ily. However, 'for convenience' the implementation of the S- 
Model by Stone and Sanderson [1987] and Stone [1987] assumes the end effector frame, 
which should lie at the tool attachment point (TAP) on the tool mounting flange , to be 
coincident with the signature identified frame attached to the axis of the last moveable joint. 
Furthermore, they assume the (world) frame to be coincident with the signature identified 
frame attached to the first joint axis. Since the parameters fo and bo aie not defined in their 
identification scheme, they state that the calculation of the DH parameters 9j and dj from 
Equation (3.5) are not essential for kinematic modelling and control. Again this constraint 
on the location of the (world) coordinate frame means that this implementation does not 
allow an arbihary relationship to exist between the robot's (base) frame and any external 
coordinate system, such as that attached to a measuring insti'ument used for calibration.
Ph.D. 1991 D. Stanton 48
Chapter 3: An Improved Kinematic Calibration Approach
The assumptions made by these authors have severe consequences, since any 
identification scheme that does not identify the complete model representing the true 
physical system, cannot be used to improve the absolute positioning perforaiance of the 
manipulator. The improvements shown by these authors for their tests on seven different 
Puma-560's are relative improvements to positioning based around certain reference 
positions and sttaight line tiajectories that are 'taught'. It seems that their model is sufficient 
for their variety of calibration tests, but has been shown by Everett and Hsu [1988] to be 
incomplete and is therefore unsuitable for a general calibration methodology.
To ensure that the implementation of the S-Model used for this research is complete 
and allows aibitraiy locations of link frames, the following transformations are required to 
define the tool pose with respect to the robot's (base) frame, which is in turn related to the 
external (sensor) coordinate frame:
L Jsensor L Censor*- % a se t Jt AI’ ( 3 . 6 )
[TjJ^^qj.: measured Tool Centre Point (TCP) pose (or position only) in the
reference frame of the sensor.
t^^^ensor- 6-dof transformation consisting of 3 orthogonal rotations and 3
orthogonal translations describing the location of the robot's (base) 
fi'ame with respect to the (sensor) frame,
6-dof transformation describing the location of the Tool Attachment 
Point (TAP) - the tool mounting flange, with respect to the robot's 
(base). This is a concatenation of all the individual link ti'ansformations 
according to Equation (3.1),
6-dof transformation consisting of 3 orthogonal rotations and 3 
orthogonal translations describing the location of the (TCP) fr ame with 
respect to the (TAP) frame. This is the [TOOL] transformation of 
which only translation parameters are relevant if only the TCP position 
is recorded.
The transformation [T ]y ^  which consists of the individual link ti'ansformation 
matrices, given in Equation (3.1) is based only on an identified (link 0) frame from a joint 
1 movement. The (base) frame of the manipulator is not detemiined directly, and therefore 
the Bo matiix, which describes the transformation from the (base) frame to the (link 0), 
frame is undefined. Consequently the S-Model parameters for link 0 cannot be detemiined.
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To overcome this, Stone assumes the 'identified base frame' to be equivalent to the joint 1 
identified frame (link 0). The extracted DH parameters from these 'assumed' S-Model 
parameters forai the pseudo DH Model.
In this thesis, the (base) axis of a Puma-560 manipulator is determined explicitly, 
and therefore the overall kinematic description from the robot's (base) frame to its (TAP) 
frame can be detemiined as
NSjsi =BqB 1B2.  ^ = n Bi
i =0 (3.7)
Equation (3.7) replaces Equation (3.1) as the total kinematic description based on the 
S-Model.
Joint Offsets
One feature of the S-Model described by Stone [1987] is that the manipulator 
conti'ollable variable qi will differ from the actual position of the joint. Here the encoder 
does not produce a zero signal when the joint is in its kinematic 'zero' configuration 
defined by the adopted model, which is generally the DH model. This constant offset 
^offset .g by Stone to be dependant only on the 'signature' configuration of the
joint:
q f ^ “  =  q ] - q ]  (3.8)
with the encoder measured signature configuration position of joint i, and q] the 
coiTesponding Denavit-Hartenburg ‘signature’ position of joint i, calculated according to 
Equation (3.5). Therefore, the contiollable variable for the manipulator (assuming that DH 
control is used) is given by:
% = + < 7 ( 3 . 9 )
The 'signature' configuration is that configuration in which the manipulator is placed 
during the joint identification tests. When joint i is being exercised, all preceding joints 
from 1 through to i-1 are required to be held stationary in their 'signature' positions q], 
with higher numbered joints positioned arbitrarily. The joint variable in the case of a 
revolute joint for the S-Model is then
o . io )
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However, during identification, the calculated DH signature position ^ . 
coiTesponding to the extracted S-Model link parameters, is given from (3.11)
DH
(3.11)
which will not correspond to the encoder measured 'signature' configuration, not solely 
because of a constant offset which is dependant on the signature identified
configuration, but also because of encoder mounting errors These encoder
mounting errors cause small deviations between the physical position of the joint and the 
encoder readings, resulting in a 'zero' offset error. These encoder offsets have been shown 
by researchers to be particularly significant sources of error for manipulators (Judd and 
Knasinski, 1987, 1990; Veitschegger and Wu, 1987, 1988).
For the modified S-Model proposed here, the constant offset due to the identified 
signature joint angle is denoted and the encoder mounting error is denoted 
(Figure 3.2). The constant 'signature' offset ^f'^^is then calculated from the estimated DH
joint angle 6^^^, and the actual controller angle at the signature configuration 0L
(3.12)
During normal operation of the manipulator, the programmed controller angle 0/ will 
differ from the physical position of the joint by the encoder offset Hence the
Modified S-Model variable pi is given by
A = A' - Ti-l - - 0 (3.13)
s ig n a tu re  configuration  of joint i
'z e ro ' position  of joint i a s  d e fin ed  by 
D-H m odel; 6 ;= 0
encoder
X. physical 'z e ro ' of joint i
Figure 3.2. 'Signature' and encoder mounting offsets.
Stone [1987] neglected the encoder offset parameter, and his offset values presented 
for the seven Puma-560's show that this is indeed true, since some of their magnitudes aie 
extremely lai'ge for an encoder mounting error ie. in the region of 100 degi'ees for some 
joints.
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Tool offsets
For calibration of the manipulator structure in which use is made of end effector 
position measurements across a region of the workspace, it is usual to attach a suitable 
target to the end effector. During Stone's experiments, the target used was simply an 
extended bar having ‘sparkers’ at the end which are detected by an ultrasonic instrument. 
This is used for the individual joint motions to determine the joint features such as the plane 
and centre of rotation for a revolute joint. Consequently, the [TOOL] transformation from 
the Tool Attachment Point to the Tool Centre Point is unimportant. In fact Stone neglects 
the [TOOL] offset altogether, and the identified link parameters obtained from individual 
joint motions determine the ‘signature’ location of the target attached to the last joint of the 
manipulator during the joint motion. For ‘convenience’. Stone then assumes the Nth or 
TAP frame to be coincident with the last identifiable axis (N-Ij (Figure 3.3).
S-M odel identified fram e 
for last joint {N} ={N-1} ta rg e t sp a rk e r
N-1
ta rg e t arm
Arm in 's ig n a tu re ' configuration
Figure 3.3. Stone’s definition of the Nth coordinate frame.
Results for the identification of seven Puma-560’s presented by Stone indicate that 
there is a fixed translation offset of approximately 103mm between the intersection of the 
wrist joints (4, 5 and 6) and the origin of the final coordinate frame (link Nj. Since the 
nominal offset between this intersection and the {TAP} is 55.99mm from manufacturers 
figures (Gilbert, 1988), some discrepancy exists. It is evident that the origin of the final 
frame is located at a point on the last joint axis and lies on the plane of rotation generated by 
the target sparker as the last joint is rotated. No relationship between this frame and the
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Tool Attachment Point frame {TAP} is mentioned, and therefore the kinematic description 
is not complete since the [link N] parameters are not explicitly defined.
Since the aim of this work is to identify the exact kinematics of the robot from its 
{base} through to its {TAP}, then any measurements made of the positioning performance 
of the robot must be related to the {TAP} frame. To accomplish this, the dimensions of the 
tool mounted on the end effector for calibration experiments must be precisely known in 
order that the [link N] parameters can be determined. Consequently the [TOOL] 
transformation must be accurately determined and used within the complete kinematic 
model of the manipulator. The importance of an accurate [TOOL] definition has been 
overlooked by all but a few researchers (Veitschegger and Wu, 1987,1988).
3.2. A METHODOLOGY FOR COMPLETE KJNEMATIC CALIBRATION__________
The overall model describing the motion of the {TCP} frame of a target mounted on 
the end effector of the robot relative to the robot's {base} coordinate frame (Equation 3.6) 
contains not only the 6 S-Model link parameters that can be obtained from individual joint 
motions, but also certain parameters that must be estimated through more indirect means. 
These include the tool offsets [TOOL], which describe the {TCP} location relative to the 
mounting point on the robot {TAP}, the [link N] parameters describing the relationship 
between the last moveable joint, joint N, and the {TAP}, and the joint encoder mounting 
errors (Equation 3.13). Also, if the model includes non-geometric sources of
error, then any non-geometiic parameters will need to be identified.
The identification problem is split into two phases. Phase 1 is a form of 'isolated 
identification' and determines the link parameters between consecutive joints, that can be 
calculated through direct measurements of the joint motions. Also, for many manipulators 
with an offset shoulder configuration such as the Puma manipulator, the {base} lies at the 
intersection of the joint 1 axis and the joint 2 axis and can therefore be detemiined from the 
Phase 1 joint motions. Phase 2 is a form of 'global identification' and uses numerical 
optimisation techniques to identify any remaining parameters, including the encoder 
mounting errors, and the [link N] parameters.
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3.2.1. Phase 1 Identification____________________________________
Joint Feature Identification
The global location of individual joint axes requires the identification of certain 
features of both revolute and prismatic joints. For a revolute joint two features are required, 
they are the plane of rotation and centre of rotation. For prismatic joints only the line of 
translation is required.
Identification of a revolute joints features is straightforward since any target attached 
to either the end effector or the i+1 link will generate a circular path when joint i is 
exercised. To find both the plane of rotation and the centre of rotation a numerical fitting 
routine can be applied that will find the optimal parameters for a given set of cartesian 
measurements made of the target.
Similarly for a prismatic joint the target will generate a sti'aight line ti'ajectory when 
joint i is exercised. The line of tianslation can be identified using a numerical fitting routine 
on a given set of caitesian measurements. However, due to time consti*aints prismatic joints 
have not been examined.
* Plane of Rotation Estimation
The set of m measured points relative to the sensor coordinate system are described 
by the vector (Figure 3.4). From the vector definition of a plane:
= A: (3.14)
with a the unit normal vector to the plane, W a point on the plane, K  a constant, and • 
signifying the vector (dot) product. The Equation of a point W on the plane is
W = Xa (3.15)
with X a scalar. Then, if the measured point pi (~ pxi, Pyi, Pzi) lies on the plane the 
following holds ti ue:
a*(pi-W) = 0 (3.16)
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Here, the dot product of the line (pi - W) joining the measured point pi and the 
calculated point on the plane W, and the unit normal vector to the plane a, is zero indicating 
that the two vectors are orthogonal.
m e a su re d  po in ts 
Pe9t
{sensor}
Figure 3.4. Plane of rotation estimation.
In general the measured point p,- will not lie on the plane and it is necessary to 
estimate the perpendicular distance between p/ and the estimated plane. Referring to the 
inset of Figure 3.4, we see that this perpendicular distance is given directly from Equation 
(3.16). The least squares estimation routine is applied directly to this Equation for the set of 
m measured points, to estimate the plane parameters.
Since g is a unit vector, it is convenient to represent it by spherical coordinates ct, p  
(Figure 3.5). The cartesian elements of a are then given by
ax = cosacosp 
ay -  sinacosp
a z -s in p  (3.17)
w ith  the v ec to r  X g con ta in in g  the u n k now n  q uan tities to  be estim ated:
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xi = a  -  atan2 
X2 -  p  = atan2
X3 ~ X = a*W
9:1
ck
' \ j 4  + ^
(3.18)
(3.19)
(3.20)
X
Figure 3.5. Spherical representation of unit nomial a.
From Equation (3.16), the elements of the vector of residuals R(x)e 91'^, which are 
the perpendiculai* distances of the measuied points fi’om the estimated plane, aie equal to
n = ^H p i-W )  (3.21)
and rearranging this using Equation (3.15) yields
n  = a*(pi - Xa) 
-  a»pi - X . (3.22)
Substituting for the unknown vector X from Equations (3.18-3.20) gives the form of 
the residual function used within the least-squares optimisation algorithm
Tj =  C0SXjC0SX2Pxi +  SinXjCOSX2Pyi +  
sinx2Pzi - X3,
with the paiameter vector X  = (a, (3, X).
(3.23)
Equation (3.23) represents a nonlinear system which can be solved by the application 
of a suitable least-squares algorithm. A modified Levenburg-Marquardt algorithm 
implemented by IMSL (IMSL, 1989) has been adopted for this work. The Levenburg-
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Mai-quardt (LM) algorithm has been used by a variety of researchers involved in robot 
calibration (Hollerbach and Bennett, 1988; Mooring and Tang, 1984). It solves the 
overdetermined nonlinear least-squaies problem using a modification of the traditional 
Gauss-Newton algorithm. Dennis and Schabel [1983] compared the LM method with the 
Gauss-Newton algorithm, and recommended that the LM method be used for the general 
solution of nonlinear' least-squares problems. The advantages of the LM method include 
that it is well defined even when the column rank of the identification Jacobian J(x), the 
first derivative mati*ix of the residual vector, is not full. This is not true of the Gauss- 
Newton method, a fact which may have consequences if the initial guess is far away from 
the solution. The particular implementation by IMSL of a modified Levenburg-Marquardt 
suitable for the solution of Equation (3.23) is DUNLSF (IMSL, 1989), which uses a finite 
difference Jacobian to solve an unconsti'ained optimisation in the least-squares sense.
The success of any optimisation technique is dependant on many factors, one of 
which is the quality of the initial guess for the unknown parameter vector. In the case of the 
plane of rotation, it is a simple task to find an estimate for the normal vector to the plane a, 
and the point of intersection of the normal vector passing through the (sensor) frame with 
the estimated plane. Since three points define a plane, then by assuming that three of the 
measured points pk, pi> and pm lie close to the desired plane the estimated unit nor'mal ^  is 
given by:
a =
II(P;-Pa)x (P,n-Pi)ll (3 24)
To ensure that g* points in the direction given by a positive rotation of the joint, 
according to the right handed screw system (positive anti-clockwise), the joint angles qk, 
qi, and qm coiTesponding to the measured points pk, Pi, and Pm must fulfil qk< qi<  
With a^ defined, an estimate for the unknown parameter vector X* is obtained from 
Equations (3.18-3.20) with W, a point on the plane through which g* passes, taken as one 
of the measurement points pi.
An important feature of the model used for identifying the plane pai'ameters, is that if 
the points lie on a plane that is parallel to the XY measurement plane, then the model 
becomes redundant. The redundancy occurs, referring to Figure 3.5, when the unit vector g 
becomes paiallel with the Z axis in which the tai'get points are referenced. Consequently, p  
becomes equal to 90 degrees, and a  is undefined, its value having no effect on the
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solution. This can be seen by studying the elements of the identification Jacobian 
J(x)e9t"^. Elements of the Jacobian are given from the first derivative of the residual 
function (Equation 3.23):
Jii -  driidxi ~ -sinxicosx2Pxi + cosX]Cosx2Pyi, (3.25)
j ‘2 -  drildx2 = -cosx]Sinx2Pxi + sinxisinX2Pyi + cosx2PzU (3.26)
Jii = drjdxs = -i. (3.27)
Equation (3.27) indicates that the residual function is linearly dependant on the 
parameter xjf/l), and therefore the optimisation is a mix of both nonlinear and linear 
elements. Although Dennis and Schabel [1983] comment on the availability of specific 
algorithms for these 'mixed* problems, trials with the IMSL routine DUNLSF indicated 
suitability.
The redundancy issue is evident when X2(P) = %/2. Equations (3.25-3.27) yield
= 9, (3.28)
Ji2 -  -cosxipxi - sinxipyi, (3.29)
= -A (3.30)
Equation (3.28) indicates that the model parameter Xi(a) has no influence on the 
solution in this case causing the identification Jacobian to become rank deficient (rank(J) < 
m). Even though the Levenburg-Marquardt algorithm employed may be able to
accommodate such a redundancy in the model, a method of overcoming the redundancy has 
been employed. If during determination of the initial guess, the measured points aie found 
to lie on a plane pai'allel to the XY measuiement plane, the points aie transfoimed through a 
fixed rotation of 7t/4 radians
/?. = Rot(X, 7i/4 ) /?/, (3.31)
then, after a solution for the paiameter vector X is found, it and the residual vector R(x)' 
aie tiansfbrmed back to be used within the calculation of the centie of rotation parameters.
The least-squares solution to Equation (3.23) has been coded in Fortraii77 which 
takes a file of measured positions, for a target attached to the joint or end effector, and 
produces the 'best fit’ plane parameters. The flowchart detailing the stiucture of this 
progiam is shown in Figure 3.6. Since the initial parameter estimates are generally good 
(step 3), the solution using the IMSL optimisation (step 7) is obtained in only a few
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iterations (NITS). At the solution, the identification Jacobian is analysed using the Singular 
Value Decomposition technique, to estimate its rank (Lawson and Hanson, 1974).
 ^ C S T A R T  )
R e ad  m e a su re d  position 
v ec to r Pi,i = i,m
D eterm ine  initial g u e s s  for 
p a ra m e te r  v ec to r X, X from pk, 
____________ pi, and  pm_____________
C h eck  if all pi lie parallel to  
XY} m e a su re m e n t p lan e . If y e s  
th en  r e d u n d a n t  = . t r u e .
S ta tu s  a t th e  solution: 
su m  of th e  s q u a re s ,  m ax, min, 
avg. A nalysis of th e  Ja c o b ia n : 
rank, singu lar v a lu e s , NITS
r e d u n d a n t
Y es
10 (  ST O P  y
r e d u n d a n t  ...................................
No
'
T ransfo rm  P,X: 
P ' = R ot(X ,45)P  
X’ = RotrX.45^XS ta tu s  a t th e  initial g u e s s :  
su m  of th e  s q u a re s ,  m ax, min, 
avg . A nalysis of th e  Ja c o b ia n : 
rank, s in g u lar v a lu e s
S o lve  for 'best-fit' X (eq . 3 .23) 
using  IMSL routine: 
DUNLSF
T ransfo rm  P',X':
V No P = R ot(X ,45)P ’X = Rot(X .45)X ’
Figiu’c 3.6. Flowchai't for plane of rotation estimation. 
Centre of Rotation Estimation
The centie of rotation is obtained by firstly projecting the measured points pi onto the 
estimated plane:
Ppi = Pi - ^Pi-a (3.32)
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with epi the perpendicular distance between the estimated plane and the measured point p/, 
given as the residual r,- from the plane of rotation estimation (Eq. 3.23), and Ppi the 
projection of pi onto the estimated plane as in Figure 3.7.
joint ax is
0 + v eE stim ated  rad ius p
p ro jec ted  po in tsppi
{sensor}
Figure 3.7. Centre of rotation estimation.
If the projected points Ppi lie on the circumference then the following is true; 
p - !C - Ppil = 0 (3.33)
with p  the radius of the generated circle from the m projected points. In general these points 
will not lie exactly on the circumference, and a minimisation of the radial residuals from the 
estimated circle will produce the 'best-fit' circle centre C and radius p. The elements of the 
residual vector R(x)e9t'^'''^ are:
ri — p - 1C - Pp J 
and since the centre of the circle must also lie on the plane 
rm+l = a*(C - W).
(3.34)
(3.35)
The parameter vector Xe 91  ^contains the unknown quantities to be estimated X = 
(Cxf^y> z^>P) '
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Three steps are required to determine the initial guess for the least-squares 
optimisation using the IMSL routine DUNLSF. Firstly, using three of the projected points 
Pph Ppi^  and Ppm, points A and B aie found that bisect the chords b ( -  Ppi - ppk) and d (= 
Ppm  -  P pi)  as in Figure 3.8.
0 + v eppm
ppk
Figure 3.8. Estimating the initial guess for the circle centie.
Secondly, the plane passing through A that has the chord b as its normal vector, and 
that passing thiough B that has d as its nomral vector are found
b*A -  kkh 
d*B — Icifji'
(3.36)
(3.37)
Finally, the centre of the circle C = (Cx,Cy,Cz) is found by finding the intersection of 
the two planes defined by Equations (3.36) and (3.37) with the estimated plane of rotation 
defined by Equation (3.14)
C ljÇ  C L y  0 ^ 2 * k '
z= ^kl
d^dyd^ ^z_ ^Im (3.38)
which is solved to give the initial guess C*.
Examination of the identification Jacobian yields that this is again a 'mixed' linear and 
nonlineai' optimisation problem, with only one condition for redundancy. That is, when the 
centie of the circle is found to be coincident with the (sensor) coordinate frame, which is 
not physically possible.
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The least-squares solution to Equations (3.34) and (3.35) has been coded in 
Fortian77 and takes the file of measured tai’get positions, the identified plane of rotation 
parameters, and the perpendicular residuals from the plane, and produces the 'best-fit' 
circle pai'ameters (Figure 3.9). Again, initial parameter estimates are generally good, and 
only a few iterations are required for convergence (NITS).
S olve  for 'best-fit' X (eq. 3 .3 4  
a n d  3 .3 5 ) using  IMSL routine: 
___________DUNLSF___________
R e ad  m e a s u re d  position  vecto r 
Pi, i = i .m , p lan e  p a ra m e te rs  and  
________p lan e  re s id u a ls________
D eterm ine  Initial g u e s s  for 
p a ra m e te r  v e c to r X, X*from 
ppk, ppi, an d  ppm
S ta tu s  a t th e  initial g u e s s :  
su m  of th e  sq u a re s , m ax, min, 
avg. A nalysis of th e  Jac o b ia n : 
rank, sin g u lar v a lu e s
S ta tu s  a t th e  solution: 
sum  of th e  sq u a re s ,  m ax, min, 
avg. A nalysis of th e  Ja c o b ia n : 
s in g u lar v a lu e s , NITS
Figure 3.9. Flowchai't for centre of rotation estimation.
Extracting the S-Model Parameters
From the individual joint motions the (link) frames are assigned, which enables the 
determination of S-Model signature matrices Si for each link, i = 0, N-1. These represent 
the location of the (link) frame with respect to the (sensor) frame in which all 
measurements were taken. Assigning the link frame for a revolute joint is perfomied using 
the methodology described in Stone [1987] and is only briefly given here for clarity. For 
the individual link assignments
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(3.39)
with the unit vector a aheady defined as the noi'mal vector to the plane (Equation 3.14), and 
C the vector from the (sensor) to the centie of rotation. The remaining unit vectors n and o 
are chosen such that n points towards the first measured point projected onto the identified 
plane Ppj, with a completing the right handed set.
For link i the link tiansformation matrix Bi is given by:
(3.40)
with Si.i the signature location of frame (i-1) attached to joint i, and S", the signature 
location of frame (i) attached to joint i+1 (Figure 3.1). The 6 S-Model parameters 
contained within the Bi matrices can be extiacted using Paul’s backward multiplication 
technique (Paul, 1981), and is completely described in Stone [1987]. However, certain 
typographical errors are present in Stone’s manuscript, which ai'e coirected here, along 
with the remaining parameter definitions for the sake of completeness. Recalling the general 
fomi of the link transformation matrix (Equation 3.3):
^X ^X P x
f l y  O y  O y  P y
flz ^z P z  
0 0 0 1 (3.41)
the 6 S-Model pai'ameters are given by
if a^ — o-y •— 0
atan2( -Ux,ay ) , or atafi2( a^rOy ) otherwise
Œi = atan2( a^ sinP^ - ay cosp^, a  ^)
= atafi2 ( -o^ cosp^  ^- Oy sinP ,^ n^ cosp^ + tty sinpj  ^) 
ai = p^ cosPi + Py sinpi
(3.42)
(3.43)
(3.44)
(3.45)
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I if sinai = 0
-Px^inPi^PyCOSpi ,^herwise
(3.46)
$ — 
-  sinai
(3,47)
with * indicating that this minus sign is missed out in Stone’s text (1987, pages 40 and 
71).
Equation (3.42) indicates that there are two solutions for pi when ax ^  ay which are 
180° apart. Since a particular solution will effect the calculation of all other S-Model 
parameters, the correct solution must be selected, a fact which is not explicit in Stone's 
description. This selection must either be performed by the user during the calculation of 
the parameters, or automatically using knowledge of the nominal kinematics. For example, 
given that two consecutive joints are nominally configured by a DH twist angle a  of +90°, 
then, during calculation of the S-Model parameters, the two solutions for f t  sepaiated by 
180° (Equation 3.42), will have associated with them two possible solutions for a/ 
(Equation 3.43), either approximately +90° or approximately -90°. If the solution for f t  
corresponding to the correct value of ai ie. +90°, is not chosen, then the kinematic 
description of the link will be incorrect.
For the [link 0] parameters, which are required to make up the complete description 
according to Equation (3.7), AeB# matrix is given by:
- - 1 ~B o = S _ i S o  (3.48)
with S.j equal to the transformation [Tj^^^^. Stone states that S.j does not exist in his 
scheme, which is the reason for the non-arbitrary (world) to (base) relationship, 
described earlier and one of the reasons for Everett and Hsu [1988] to judge this model 
'incomplete'.
For the complete description from the (base) to the (TAP) frame there is one 
transformation that cannot be identified through a joint motion only. The frame attached to 
the last joint N of a manipulator is the link (N-IJ frame. Frame (Nj is the (TAP) frame 
which will have a constant offset from the identified (N-IJ frame. However, the Sjsj
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transformation is not defined since there is no associated joint movement. Consequently, 
the [link N] parameters obtained through Equations (3.42-3.47) from the link 
transformation matrix Bv are undefined, since
- - 1  -  
^  N  ~  ^  N - 1  ^  N (3.49)
cannot be determined. However, the S-Model has certain link assignment rules that apply 
to the location of the {Nth} link frame or (TAP), which were described in Section 3.1.1. 
They are that the axis is parallel to the Zn-i axis, and that the origin of the (Nth) link 
frame lies on the Z^-i axis. These rules enable the use of the nominal DH offsets.
joint N
N-1
DH
N-1 rXN-1
Pn = " V i
Tool M ounting 
F lange
b N = d N
DH
Figure 3.10. Definition of the last link frame (N = TAP).
Figure 3.10 shows the transformations required to bring the signature identified 
(N-Ij  frame coincident with the nominal (TAP) frame. Firstly, the signature identified 
(N-I) frame is brought coincident with the nominal DH {N-lj  frame through a rotation 
about Zn-1 of ftv equal to - jN-h followed by a translation along Zn-i of equal to -bf^.i.
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Then, the nominal DH offsets are used, based on the assignment rules. From these rules 
the nominal S-Model parameters for the signature description of link N are:
I^N ~ '71^ -1 > 
â}\/ -  0,
d{^  = 0,
bN “  “ iv '
ftv = ~bN-i' (3.50)
During normal operation, the joint N variable ppis  given by Equation (3.13). Since 
these values are the nominal S-Model parameters, errors may exist in the [link N] 
transformation. Consequently, the [link N] parameters may be included in the Phase 2 
identification stage. However, the number and type of the [link N] parameters that can be 
included within Phase 2 depends on the number of degrees of freedom that ai e measured at 
the end effector. If all 6-dof of the TCP are observed, then 3 orthogonal translations and 3 
orthogonal rotations from the [link N]/[TOOL] combination can be identified. This assumes 
that the obseiwed TCP lies off the last joint axis, otherwise rotation about this axis will not 
effect the obseiwed position.
Of the 6 [link N] parameters, ftv is the joint vaiiable and is already accommodated 
by the joint N encoder mounting error Consequently their values are not included
in the identification. Furthermore, brings the origin of the signature identified {link 
N-IJ frame coincident with the origin of the DH {link N-lJ fr'ame which lies at the wrist 
intersection point for the Puma, and is also held constant. The remaining [link N] 
parameters ai*e àp, and bp which may be included within the Phase 2 identification.
Even though the [TOOL] offsets may be well known through specific calibration 
experiments, they are not distinguishable from the [link N] paiameters since their is no 
degree of freedom between them (Veitschegger and Wu, 1988). Consequently, the above 
three [link N] parameters will accommodate some of the uncertainties in the [TOOL] 
definition. If only the taigets position is measui*ed in the Phase 2 identification, then there is 
only one remaining [TOOL] parameter not accommodated by the [link N] offsets. That is a 
translation along Yn to the TCP. However, if the 6-dof pose of the TCP is measured then 
in addition to this ti anslation a rotation about Yn is also required.
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For the complete manipulator the Phase 2 identification set contained within the 
unknown paiameter vector X can consist of the N encoder mounting errors plus 3 [link N] 
parameters plus 1 or 2 [TOOL] ti'ansformation parameters depending on whether only TCP 
position or complete pose is measured.
Base Axis Estimation
Jo in t 1 R otation
Jo in t 2  R otation 
with 01 = 0
{base}
{sensor}
base
sensor
Figure 3.11. Base axis estimation for the Puma-560.
For some manipulators such as the Puma-560, having an offset shoulder 
configuration, the {base} frame is located at the intersection of joint axes 1 and 2 
(Unimation, 1980). The frame assignment is as follows: Zt>ase along the joint 1 axis, Ybase 
along the joint 2 axis defined with joint 1 in its zero position, and Xbase completing the 
right handed set (Figure 3.11). Using the identified joint axis features for joint 1 and joint 2 
motion, a 'good' estimate for the (sensor/base) transformation can be obtained, 
remembering that joint 1 may not be in its zero position due to an encoder mounting error. 
This provides an explicit definition for the (base) of the Puma manipulator, a technique 
that has similarly been utilised by Chen and Chao [1987].
For the [sensor!base) transformation, 3 orthogonal translations and 3 orthogonal 
rotations are extracted from the 4x4 homogeneous representation The convention
used for the rotations is firstly a rotation a  about X, followed by a rotation p  about Y, and 
finally a rotation y about Z. ie.
[R°Cn°or = Rot(X,a) Rot(Y,ft Rot(Z,7^. (3.51)
The six transformations are included within the forward kinematic model generated 
for a particular robot.
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The two joint axes aie defined by their unit normal vectors ai^  1=1,2 and their centtes 
of rotation C/, ,■ =  ^2- The point of intersection of these two lines is given when
Cj + pai = C2 + Ag2, (3.52)
with |X and X scalars (Angell and Griffith, 1988). It is unlikely that the two lines will meet 
exactly, and therefore Equation (3.52) cannot be solved explicitly. Chen and Chao [1986] 
located the (base] origin at the mid-point of the common normal connecting the joint 1 and 
joint 2 axes at 'the point of closest approach' for a Puma-760 manipulator. This robot has 
the same offset shoulder configuration as the smaller Puma-560 model. The method 
adopted here has been to minimise the differences between Cj + poj and C2 + Xo2 by 
finding the optimal values of jii and A in the least-squares sense ie.
R(x) = ||(Ci + Xi ai) - (C2 + X2 02)11. (3.53)
with R(x) the residual vector and X =
To ensure that the Y axis of the (base) frame points in the correct direction, the joint 
2 motion must be performed whilst joint 1 is in its 'null' configuration, that is with 9j = 0.
However, since encoder mounting errors are likely to effect the true joint position, as
discussed in Section 3.1.2, the identified joint 2 axis is unlikely to be coincident with 
Ybase- The actual (base) location will therefore differ slightly from that identified through 
Equation (3.53). Chen and Chao [1987] assume that there are no encoder mounting errors 
when their joint motions are studied, and therefore use the estimated (base) at the 
intersection as the true transformation. The significance of encoder mounting errors has 
already been discussed, with small eiTors at the joints leading to large deviations at the end 
effector, and cannot be ignored. Since is incorporated in the modelling scheme,
then errors in the joint 1 value when estimating the (sensor/base] transformation will be 
accommodated. Therefore, [T]j^^)r assumed to be correct.
Generally, manipulators do not have offset shoulder configurations for which there is 
one convenient intersection point for the location of the (base) frame. The origin of the 
(base) frame does however, normally lie along the joint 1 axis with a constant 
transformation between the (base] &nd(link 0] frame attached to joint 1, and therefore 
some estimate for its location can be made. Unless measurements are made specifically 
with respect to the mounting surfaces of the robot such as with the calibration works of 
Veitschegger and Wu [1987, 1988], the exact location of th&(base] of the robot may be 
impossible to identify. Generally, robot manufacturers do supply reference dowel holes
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and surfaces which are intended for 'precise' positioning of the manipulator structure 
within the workcell. From these reference features the (base) of the robot is well defined 
by the manufacturer and therefore may be used as part of a calibration process for 
identifying the (sensorlbase) relationship. In this study, the identified [base) from the 
intersection of joints 1 and 2 for the Puma, allowing for the fact that joint 1 may not be in 
its zero configuration during joint 2 motion, is considered to be sufficient.
3.2.2. Phase 2 Identification____________________________________
Any model parameters not identified exactly within the Phase 1 identification can be 
included within Phase 2. Here a nonlinear regression model is used similar to Equation 
(2.8). The identified parameters, such as the S-Model link parameters contained within the 
Bi matrices (i = 0,N), and the [TOOL] definition, are combined with additional unknown 
model parameters to predict a set of end effector positions for a given set of joint variables 
9i, i = ],N over m observations. Comparing the estimated position Pest^ with the 
corresponding measured TCP position Pobs^ obtained from the OPTOTRAC
measuring instrument, a vector of residual position errors can be used within a suitable 
non-linear optimisation procedure.
P-Gst = jTOk 8, )() (3.5/1)
The estimated target positions Pest iti Equation (3.54) are a function of (j), the vector 
of known kinematic parameters from the Phase 1 identification, 0e the vector of
joint angles used to command the manipulator (as precision points), and Xe 91", the vector 
of unknown parameters to be identified. The residual vector R (x)e 9^‘" is given by 
Equation (3.55):
R(x) = llPobs - Pcsil! (3.55)
Although complete pose information is provided by the forward kinematics (Equation
3.54) only TCP position is recorded by the OPTOTRAC instrument. Consequently it is
only the manipulators positioning accuracy that can be explicitly improved.
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Uf* kinematics 
Toot Offsets
i,i=1,N Forward
k inem atics
Phase 1 
parameters
Pest(i)
Unknown geometric Pha$a ^  O p ^ s e d  
parameters. parameters
L e a s t-sq u a re s
m inim isation JR(x) = ||Pobs(i) - PBst(i)||
0j ^  con tro llab le  joint v a lu e s  
a t m co m m an d ed  
p ositions.
Pest(i) e s tim a te d  p o sitio n s of th e  
targ e t T C P  a t m 
c o m m a n d e d  po ints.
Pobs(i) m e a su re d  p o sitio n s of th e  
targ e t T C P a t m 
c o m m a n d e d  points.
Pobs(i)
Figure 3.12. Phase 2 identification scheme.
Again, a modified Levenburg-Marquardt algorithm implemented within IMSL's 
DBCLSF (IMSL, 1989) is used to solve the overdetermined non-linear least-squares 
problem.
The vector of unknown parameters X can contain a variety of geometric and non­
geometric effects, but has to date only been used to identify the encoder mounting errors
6 encoder i ,the [link N] transformation parameters and errors in the [TOOL] definition used
during calibration of a Puma-560 manipulator. To identify the encoder mounting errors, 
described in Section 3.1.2, the signature offsets ^^ '^m ust firstly be estimated. These are
calculated from Equation (3.12) using the controller angle at the signature configuration 0 ■
DHand the calculated DH angle 6- from Equation (3.11):
(3.56)
with p- , the signature extracted value from Equation (3.42). Then the
'signature offset' j^^  '^ i s
During normal operation, the S-Model variable is given by Equation (3.58):
(3.57)
(3.58)
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Since only small errors aie expected in the mounting of the encoders on the shafts, in 
the order of a few degrees, an initial guess for j is assumed to be zero
degrees, ie.
^encoder» ^ (3.59)
The least-squares solution to Equation (3.55) has been coded in Fortran??. The 
progiam takes a model file, a file of joint command angles at which the robot was 
programmed, and a file of measured XYZ positions using the OPTOTRAC instrument. The 
model file contains all identified link parameters, [TOOL] offsets, command angles at 
signature configuration the initial guesses for the encoder mounting errors 
and the [link 6]/[TOOL] transformation paiameters (Figure 3.13).
L ine N o. Parameters T ransform ation
1 R o t(X ,a ) R ot(Y .P ) Rot(Z.Y)
r -]base 
L ^sensor2 Trans X Trans Y Trans Z
3 « 0 Po YO
4 «0 bo do B o  =  S _ | So
5 â i Pi Y1
6 ai b l dl B l  =  Sq^ § 1
7 « 2 P2 Y2
8 »2 b2 d2 B 2  =  S ' / s 2
9 « 3 P3 Y3
10 33 b3 d3 B 3  “  ^ 2  ^3
11 a 4 P4 Y4
1 2 34 b4 d4 B 4  =  Sg^ S4
13 « 5 P5 Y5
6 5  =  8 4  S 51 4 35 b5 d5
15 « 6 P6 Y6
1 6 36 b 6 d6 B g = Sg Sg
17 R o t(X ,a ) R ot(Y ,P ) Rot(Z,Y)
[t S a p =ITOOL]18 Trims X Trans Y Trans Z
19 9 ? ^ o |  Ô4 ê :  8 : signature controller
2 0
encoder encoder
0 ) O2 .encoder encoder O3 O4 encoder encoder0 5  %
an g le  
encoder o ffsets
Figure 3.13. Model file foraiat.
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The m command angles for the test points are taken from the robot conti'oller, which 
in the case of a Puma-560, running under the VAL language, are called precision points. 
The flowchait detailing the structure of this progiam is shown in Figure 3.14. Since certain 
model parameters may be coupled for a par ticular data set, the identification Jacobian is 
analysed both at the initial guess (step 7) and at the solution (step 9) using Singular Value 
Analysis (Lawson and Hanson, 1974).
S to re  new  X in m odel file
R e ad  co m m an d  a n g le s  file 
con tain ing  m s e ts  of 0i i = i,N
C alcu la te  s ig n a tu re  o f f s e ts 8 j . 
from eq u ation  (3.57)
C 'O f f
S olve  for 'best-fit' X (eq. 3 .55) 
using IMSL routine: 
DBCLSF
A ssign  p a ra m e te rs  to b e  op tim ised  Y * /Û encoder m  TAP\ X = ( 0 |  j = i.N >LU )
S ta tu s  a t th e  initial g u e s s :  
su m  of th e  sq u a re s ,  m ax, min, 
avg. A nalysis of th e  Ja c o b ia n : 
rank, s in g u la r v a lu e s
R e a d  o b se rv a tio n s  file 
co n ta in ing  m e a su re d  position  
v e c to r Pobs(i), i=i.m
S ta tu s  a t th e  so lu tion: 
su m  of th e  s q u a re s ,  m ax, min, 
avg. A nalysis of th e  Ja c o b ia n : 
s in g u lar v a lu e s , NITS, texec
R e a d  m odel file con tain ing  Bli=o,N, 
s ig n a tu re  configurationG  j 1 = 1,N, and  
initial g u e s s e s  for o p tim ised  
_____________ p a ra m e te rs____________
Figure 3.14. Flowchart for Phase 2 identification.
3.3. VALIDATION OF THE MODIFIED S-MODEL (MSM)_______________________
The accuracy and efficiency of the two phases of identification, described in Section
3.2, can be estimated in terms of the governing experimental conditions by using
simulation techniques. Factors affecting the overall calibration have been discussed in
Section 2.2. Those particular to the identification stage include:
• Number of observations,
• Number of samples per observation position.
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Accuracy of the observation measurements,
Accuracy of the joint encoder readings.
Noise in the measurements.
Quality of the initial estimate,
Spread of the observations.
Since both Phase 1 and Phase 2 ar e dependant on measurements of the position of a 
target attached to the end effector of the robot, the above influences will effect the 
performance of both phases.
3.3.1. Phase 1 Validation_____________
In addition to determining the optimal experimental conditions, and likely accuracy of 
the identification, simulation is also useful for assessing the sensitivity and accuracy of the 
S-Model description. The accuracy with which the link paiameters can be estimated from 
the Phase 1 identification stage will be dependant not only on the general experimental 
conditions described above, but also on some specific to the individual joint motions. For 
example, the range of angular motion and angular increments between successive 
measurements may be important factors. Others include the radius of the target arm used to 
record the joint motions, and the number of samples per measurement pose (Figure 3.15),
jran g e  - sw ep t an g le  
of joint m otion
nsamp - n um ber of 
s a m p le s  a t e a c h  
position
incr - a n g u la r  increm en t 
b e tw een  m e a su re m e n t 
p o sitions
+ ve
pk first ta rg e t position
rad - rad ius of ta rg e t arm
Figure 3.15. Phase 1 joint motion parameters.
Simulation of the Phase 1 identification stage has been achieved by generating 
caitesian positions of the target attached to the end effector for the individual joint motions 
(Figure 3.16). Measurement instrument precision is simulated using finite precision of the 
generated cartesian positions. For example, 6 decimal place precision {ndigu = 6) will
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represent a measuring resolution of one micrometer. Fuithemiore, to simulate the noise in 
the measurement process associated with the instalments repeatability, a pseudo random 
number generator is used. IMSL’s random number generator DRNUN (IMSL, 1989) 
produces a uniform (0,1) random distribution with zero mean, and is applied to the 
cartesian positions (step 4). Joint features are estimated (step 5) using the procedures 
described in Figures 3.6 and 3.9. The residuals resulting from these estimations indicate 
the effectiveness of these procedures for a vaiiety of experimental conditions. The S-Model 
parameters for link i are calculated from the joint i and joint i+1 motions (step 6), according 
to Equations (3.42) to (3.47), and finally the link transformation matrix 5 / is regenerated 
from Equation (3.3).
(  START )
D eterm ine link /p a ra m e te rs  
(eq . 3 .4 2  - 3 .47)
D eterm ine e rro rs in link /p a ra m e te rs
D eterm in e  joint fe a tu re s : 
p ian e  of rotation (eq . 3 .23) 
c en tre  of ro tation  (eq. 3 .3 4  - 3 .35)
R ead  link /k in em atic  p a ra m e te rs  from  se ie c te d  m odel file
D eterm ine e rro rs in S /m atrix : 
tran s la tio n  e rro rs  xiIq" 
rotation e rro rs  ...ang
D eterm ine Bi matrix for link I identified p a ra m e te rs  
(eq . 3 .3  - 3 .4)
G e n e ra te  c a r te s ia n  ta rg e t p o sitio n s for joint i an d  joint i+1 
m otions, including m e a su re m e n t accu racy  lim itations an d  
m e a su re m e n t no ise .
S e lec t p a ra m e te rs  for sim ulation  of experim en ta l cond itions: 
joint n um ber, joint ra n g e , a n g u la r increm ent, ta rg e t arm  rad ius, 
n u m b er of s a m p le s  p e r p o se , m e a su re m e n t a ccu racy , 
m e a su re m e n t n o ise
10 C  ST O P  )
Figure 3.16. Flowchart for Phase 1 simulation. 
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At various stages of the simulation, results of the identification aie reported and used 
to produce outputs of perfomiance. At step 5, the residuals of both the plane of rotation 
estimation, and the centre of rotation estimation (Section 3.1.3) are analysed to give the 
normalised sum of the square errors (NSS), and maximum values. Errors in the identified 
link parameters compared with those of the model file used for joint motion generation are 
given at step 7, and corresponding errors in the 5/ matrices aie given at step 9.
The parameters that may influence the Phase 1 identification stage include:
*
* jrange'.
• rad:
• incr:
* ttsamp''
measurement noise applied to generated XYZ positions (microns), 
swept angle of joint motion - (degiees), 
target arm radius - (meti'es),
angular increment between measured positions - (degrees), 
number of samples at each measurement position, 
precision of the measured data - (number of decimal places).
To simulate a variety of conditions each parameter is allowed to take one of several 
experimental quantities according to Table 3.1.
Gxyz 0 50 100 200 500 microns
jrange 100 150 200 250 / degiees
lad 0.3 0.4 0.6 0.8 / metres
incr 5 10 20 / / degiees
risamp 1 10 20 50 / /
adigit 4 6 10 14 / /
Table 3.1. Phase 1 simulation parameters.
Joint Feature Identification
Before analysing the simulation results, it is worth noting certain features of the 
simulated noise applied to the cartesian target positions. The least squares algorithm 
employed attempts to find the best solution that minimises the residual function for both the 
plane and circle parameters. However, even if the exact paiameter values are determined, 
the remaining residuals will still have a variance associated with them that is equivalent to 
the variance of the applied noise. For any noise distiibution, the variance can be calculated 
from the probability density function, where for a uniform distribution, the amplitude at 
any time y(t) takes a value anywhere between -a and +a with equal probability (Castro, 
1989):
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= (7(0.5-R N D (l)) (3.60)
with RND(l) a number between 0 and 1 with equal probability. The corresponding density 
function is
p(y) = -  lyl < 0.5 (=0 otherwise). CL61)
The mean of this signal is zero, and the variance or mean square noise can be 
calculated by
O',noise / 0.5a  
-0.5a
p ( y ) y  dy
^noise ~  12
(3.62)
(3.63)
Hence the variance for this distribution is simply a square function of the range of the 
noise. Consequently, for the following simulations, the variances of the noise can easily be 
calculated (Table 3.2). Assuming that no averaging is performed Qiscunp = 1)> these values 
represent the lower bounds on the attainable residuals.
£xyz amplitude 
(±microns)
Variance 
(m^: Eq. 3.63)
0 0
25 2.08e-10
50 8.33e-10
100 3.33e-09
250 2.08e-08
Table 3.2. Variances for a uniform noise distribution.
Typical results for a simulation run demonstrate that these lower bounds on the 
variance of the residuals do indeed apply, represented as the normalised sum of the square 
errors NSS = R(x)R(xp'lm. Table 3.3 presents perpendicular and radial residuals for the 5 
levels of applied noise.
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Sxyz Perpendicular residuals Radial residuals
(microns) Rmax (lu) NSS (m%) Rmax 0^ )^ NSS (m2)
0 3.98e-17 9.01 e-34 4.91e-07 9.72e-14
50 2.61e-05 2.19e-10 2.80e-05 2.47e-10
100 5.24e-05 8.81e-10 5.61e-05 9.850-10
200 1.03e-04 3.49e-09 1.12e-04 3.950-09
500 2.59e-04 2.18e-08 2.47e-08 2.80e-08
Fixed parameters:
jrange = 100°; rad = 0.3m; incr = 5°; nsamn = F  ndisit = 6
Table 3.3. Residuals as a function of e y^z.
Here, even with zero noise applied to the target positions, an exact solution is not 
found. This is due to the limited number of digits 'tidigu in the simulated measurements. 
Increasing the number of digits, which is equivalent to increasing the accuracy of the 
measurements, enables these residuals to be reduced according to Table 3.4.
Perpendicular residuals Radial residuals
^digil fynax (m) NSS (m2) l^max (m) NSS (m2)
4 3.980-17 9.01 e-34 5.02e-05 5.770-10
6 3.980-17 9.010-34 4.910-07 9.72e-14
10 3.980-17 9.01 e-34 8 .38e-ll 5.78e-22
14 3.980-17 9.010-34 1.40e-14 3.450-29
Fixed parameters:
Sxvz = 0pm; jrange = 100°; rad = 0.3m; incr = 5°; nsamo = 1
Table 3.4. Residuals as a function of measurement accuracy 'ndigii for Sxyz -  0.
The perpendicular residuals in Table 3.4 are not reduced by increasing 'ndigU, since 
even at ndigu = 4, they correspond approximately to the finite floating point computational 
precision of a 64-bit double precision computer. The machine accuracy, known as machine 
epsilon is defined as the smallest floating point number which when added to unity returns 
a value gieater than unity. For a typical 64-bit computer using double precision, machine 
epsilon is returned as 2.0'^^ ~ 2.22e-16. Any residual values less than the machine epsilon, 
cannot therefore be distinguished from numerical round-off error and must be treated as 
zero. However, improvements in the radial residuals do occur with increasing ndigU- For 
the OPTOTRAC instrument measurement data is produced with a precision of 6 decimal 
places (Appendix B), which corresponds to ndigu ~ 6. All following Phase 1 simulations 
are therefore performed using ndigU = 6.
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Errors in the S-Model Paiameters
With the joint features identified, the signature location of link frames can be assigned 
and S-Model parameters extracted for adjoining joints according to Equations (3.42) to
(3.47). To assess the sensitivity of the S-Model parameter identification strategy to the 
experimental conditions, two classes of links are considered. Firstly, a link having joint 
axes that aie mutually perpendiculai' to each other, and secondly a link having mutually 
parallel axes are studied. Furthermore, the accuracy with which the identified parameters 
model the real physical system is also studied by calculating the errors in the link 
transformation matiices Bi for these two classes of links.
To ensure that the errors in the identified S-Model parameters and elements of the 
corresponding Bi matrices are attributable to joint motion and measurement conditions in a 
single joint only, the (link i-Ij frame is held constant. In both the perpendicular joint axes 
pair, and the parallel joint axes pair, the joint i simulation conditions are those given in 
Table 3.5.
Exvz (itin) jrange (cleg) rad (m) incr(deg) Usamo ndigil
0 100 0.3 5 1 6
Table 3.5. Fixed pai ameters for joint i identification.
The S-Model paiameter eiTors ai*e calculated fi’om
(j)err — 4^ calc " ^nom (3 • 64)
with (|)G 91^ ^^  the vector of S-Model parameters (âi, pi, yi, âi, bi, d j^, and subscripts:
nom - nominal pai ameters used for joint motion generation, 
calc - calculated paiameters from Equations (3.42) through (3,47), 
err - error between identified parameters and nominal ones.
The coiTesponding link ti'ansformation errors are extracted from the identified Bi 
matrix calculated from (jicaic- Recalling the general form of the homogeneous link 
transformation matrix Bi (Eq. 3.41):
B, =
Px
f l y  O y  a y  P y
^z Pz 
0 0 0 7
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the translation errors ate simply
TransXi = Bi(l,4) = Px^
TransY'i -  Bi(2,4) -  py, and
TransZi = Bi(S,4) = pz. (3.65)
For the rotation errors, equivalent orthogonal rotations RotXi, RotYi, and RotZi are 
exttacted from the 3x3 rotation sub-matiix of Bi ie.
RotXi = atan2 «^Z
RotYi = ataji2
RotZi = atan2 (3.66)ftx
The errors in the link ti'ansfonnation aie then calculated from
Verr ~ Vcalc " Vnom (3.67)
with the vector of link transformation paiameters (RotXi, RotYi, RotZi, TransXi,
TransYi, TransZi)'^, and subscripts:
nom - nominal link ti'ansformation calculated from (j)nom^
calc - identified link transfoi'mation calculated from
err - ei'i'or between identified and nominal transformations.
In order to study the S-Model parameter errors (jigrr) and the corresponding link 
transformation errors \|/crr, both the angular terms and the lineai' terms are combined in both 
cases into 3x1 vectors of linear errors and angulai' errors, ie.
<1)“ ®= (m. A. nF,
r :n  = (âi,bi, diF .
V e n ®  =  RotYi, RotZiF,
v i i ?  =  (TransXi, TransYi, TransZiF- ( 3 . 68 )
The magnitude of the angular and linear errors can be represented by the usual unit of 
length of a vector, the euclidean norm (Forsythe and Moler, 1967), which is defined by:
l|x|| = (x^x)^-^ = (xj + %2 + ..... + ' (3.69)
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Therefore, the magnitudes of the S-Model parameter angular and linear errors 
respectively are:
err
' 5
l = (âf + /3f + rfr-
(3.70)
and the corresponding magnitudes of the angular and linear link parameter errors 
respectively aie:
I l v “ ; ; ® | |  =  (RotX f  +  RotY^ +  R0 t z ] f - ^ ,  
I I V o t I I  =  (TransX^ + TransYf +  TransZ]f-^. (3.71)
Mutuallv perpendicular joints
The nominal S-Model parameter values used for the generation of the perpendicular 
joint axes are given in Table 3.6. This corresponds to link 1 of the Puma-560 manipulator.
oti (deg) Pi (deg) Yi (deg) ai (m) bi (m) di (m)
-90 0 0 0 0 0
Table 3.6. Nominal link i S-Model parameters for mutually perpendicular joints.
The relationship between the S-Model parameters (Eq. 3.64) and the link 
transformation parameters (Eq. 3.67) is straightforward in the case of mutually 
perpendicular joints, since only a single -90° rotation about X is present, yielding:
-pi, Yi, ai, bi, dif (3.72)
Consequently, the link parameter errors will reflect exactly the S-Model parameter 
errors with the exception of RotYi = -pp The magnitudes of the angular and linear errors in 
the link transfoimation parameters llv^^ll &tid HVmll will therefore be identical to those of 
the S-Model parameters ||(|)^ |^| and ||(()g|^ ||. This one-to-one relationship between S-Model 
errors and link transfomration eiTors indicates the proportionality quality of the S-Model 
representation for mutually perpendicular joints.
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• Sensitivity to varying the range o f joint motion jrange'
Firstly, the effects of varying the range of joint motion jrange' are studied. Figure 
3.17 shows the S-Model parameter eiTors for increasing jrange' against the measurement 
noise. The fixed simulation parameters are shown in Table 3.7.
8.00-4
«  6.00-4
I  S
ill
g
4.00-4
2.00-4
0.00+0^ '
2.00-4
100 —I 1--- 1--- 1----<—200 300 400 500
1.00-4
scyz (m icrons)
100 200 300 400 500
8<yz (microns)
Key: jran g e  =
—a —  100°
150° 
... ;...... 200“
• - 0 - -  250°
Figure 3.17. Effects of increasing jrange' on the S-Model parameter errors.
lad incr nsamn ndieit
0.3m 5° 1 6
Table 3.7. Fixed parameters îor joint /+ i identification for increasing jrange ' .
Referring to Figure 3.17, it is evident that increasing the range of joint motion 
'jrange' has a mixed effect on the magnitude of the angular errors in the S-Model 
parameters calculated from Equation (3.70). The largest errors occur when the 
minimum range of joint motion is undertaken (jrange = 100°). However, the smallest 
angular errors occur when the range is increased to 150°. The magnitude of the linear terms 
||(l)gj^ ll shows a more sü'aightforwai'd relationship with jrange = 100° resulting in the largest 
parameter errors and the largest range jrange -  250° resulting in the smallest eiTors.
As an example of the improvements gained by increasing the range of joint motion on 
the magnitude of the S-Model parameter errors, consider when the measurement noise is 
200jLim. By increasing jrange  from 100° to 250°, the angular errors are reduced by 
approximately 42%, with the linear temrs reduced more significantly by 78%.
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Both the angulai* and linear link transformation errors can be interpreted in terms of 
the likely TCP errors for the robot mechanism. For example, for the specified conditions in 
Table 3.7, with 200jim measurement noise, and jrange = 150°, the magnitude of the 
angular errors IIVot^ H = 7.7xl0'^radians. If this eiTor occurred in the first link of a medium 
sized robot, such as a Puma-560, with a reach of approximately Im, then these errors 
would produce a positioning error of up to 0.08mm at the end effector. The linear errors 
have a direct effect on the TCP positioning errors, which for the same conditions with 
IIVotII -  4.6xl0"^m, would produce a TCP error of approximately 0.05mm.
• Sensitivity to varying the target arm radius ‘rad’
2.0e-42.0e-4
^  1 .Oe-4 1.0e-4
- © •
O.Oe+Oo;"
400 500 200 400300 100 300
Exyz (m icrons)
500100 200
&yz (m icrons)
0.3m
0.4m
0.6m
0.8m
K e y :rad  =
Figure 3.18. Effects of increasing ‘rad’ on the S-Model parameter errors.
imnKG incr ^samo ndiuil
200* 10° 1 6
Table 3.8. Fixed parameters for joint i+1 identification for increasing ‘rad ' .
Figure 3.18 shows the effect of varying the tai'get aim radius ‘rad’ on the S-Model 
parameter errors, with the fixed parameters shown in Table 3.8. The magnitude of the 
angular errors ||(|)^^|| is reduced gradually as the radius is increases from 0.3m to 0.8m. 
With Sxyz = 200jJ,m, reductions of up to 62% result from increasing rad from 0.3m to 
0.8m. However, corresponding reductions in the magnitude of the linear errors ||(|]^ |^| are 
not achieved, and it is apparent that the target aim radius has no effect on the errors in the 
linear parameters terms.
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For the conditions given in Table 3.8, the corresponding link transformation angular 
errors at Sxyz = 200|im with 'rad" = 0.4m of 5.2xl0"^radians would produce a TCP 
positioning error of 0.05mm for a im  robot aim. Linear enors aie in the order of 0.05mm 
for Exyz -  200|im at all 'rad".
• Sensitivity to varying the angular increment o f joint motion 'incr'
1 .Oe-33.0e-3
I l.Oe-4E
2.0e-3
=  ® 6.0e-4
illIII
g) ^ 1 .Oe-3
4.08-4
J 5
•© - 2.08-4
O.Oe+0
200 300 100100 400 500 0 200 300 400 500
ayz (m icrons) ayz (m icrons)
Key: Incr =
Figure 3.19. Effects of increasing 'incr" on the S-Model parameter errors.
jrange lïd nsamo ndieit
100° 0.3m 1 6
Table 3.9. Fixed pai ameters for joint i+1 identification for increasing incr.
Figure 3.19 shows the increasing angular and linear errors ||<j>‘n. II ^ i^d ||(|)g^ || as 'incr" 
is increased from 5° to 20®. At %z = 200|im, the magnitude of the angular errors ||(|)^ |^| at 
incr -  5° is only 30% of that at incr = 20®. Significant errors are also intioduced in the linear 
paiameters, with ||(|:^ |^| at incr = 5® only 20% of that at incr = 20°. The fixed simulation 
parameters are shown in Table 3.9.
The corresponding link n ansfoiination angular errors at %% = 200|im with incr = 10® 
of 7.4xl0’\ad ians would produce a TCP positioning error of as much as 0.7mm, for a Im 
extended robot arm. Linear errors of 2.6xl0’^ m would produce TCP positioning errors of 
approximately 0.26mm.
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Sensitivity to varying the number o f samples 'nsamp
2.0e-41 .Oe-4
8.0e-5 Ea
§ ®
1 .Oe-4
IIIIII
5 B ,s s
2.0G-5
200 300 400 500400 500 100100 200 3000
&yz (m icrons) Byz (m icrons)
Ksy; nsamp=
Figure 3.20. Effects of increasing 'nsamp' on the S-Model parameter errors.
jrange rad incr
200° 0.6m 10° 6
Table 3.10. Fixed parameters for joint i+1 identification for increasing nscnp^
Increasing the number of samples nsamp taken at each measurement position reduces 
the magnitudes of both the angulai* and lineai* S-Model parameter errors as shown in Figure 
3.20. Here the fixed simulation conditions are shown in Table 3.10. For the magnitude of 
the angular enors ||({)^ ^^ ||, the minimum errors occur when nsamp = 20, rather than the 
maximum value of nsamp -  50. More sti'aightforwaid reductions are made in the linear 
pai'ameter enors, with gi*adual reductions caused by increasing the number of samples from 
1 to 50. Reductions in the magnitude of the angular errors of approximately 67% result by 
increasing nsamp A'om 1 to 10 for = 200|im and the conditions given in Table 3.10. 
Likewise, reductions of approximately 62% are obtained in the magnitude of the linear 
errors as nsamp is increased from 1 to 10.
In terms of the corresponding physical errors in the link, represented by the 
magnitudes of the angulai* and linear link ti ansformation errors, at Exyz = 200p.m and nsamp 
= 10, with the given conditions, = 2.4x10'&adians and = 1.9xl0’^m. These
angular enors relate approximately to 0.02mm positioning error at the TCP of a Im 
extended robot ai*m. Similai*ly, the linear errors equate to 0.02mm positioning error.
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Summary
To summarise, for a link having axis systems that are perpendicular or near-
i be 
Jin
perpendicular, the errors in oth the linear S-Model parameters (j)gj." and the linear link
transformation parameters can be reduced by
* a low amount of measurement noise exyz-,
* a large range of joint motion jrange',
* a small angular* increment of joint motion between successive measurement 
positions 'incr',
* a large number of samples per measurement position 'nsamp ^
The target arm radius 'rad' does not influence the linear errors.
Errors in the angular pai*ameters are more difficult to interpret, since in some cases the 
extremes of the experimental parameter values do not produce the minimum parameter 
enors. However, it is evident that to reduce the errors both in the identification of the 
angular S-Model par ameters and the angular* link transformation parameters the
desir ed experimental conditions are:
* a low amount of measurement noise Exyz,
* a large target ar*m radius 'rad,
* a small angular increment of joint motion between successive measurement 
positions 'incr'.
a large number of samples per measurement position 'nsatnp^
♦ Mutuallv parallel joints
The nominal S-Model parameter* values used for the generation of the parallel joint 
axes are given in Table 3.11. This corresponds to link 2 of the Puma-560 manipulator.
oti (deg) Pi (deg) Yi (deg) ai (m) bi (m) di (m)
0 0 0 0.4318 0 0.14907
Table 3.11. Nominal link i S-Model parameters for mutually parallel joints.
When two joints are near-parallel, rather than exactly parallel, the tr aditional Denavit- 
Haitenburg model becomes ill-conditioned and accuracy is lost. This has caused the DH 
model to be abandoned by a majority of researchers undertaking calibration. Hayati (1983) 
and Mooring (1983) were the first to highlight the discontinuity or singularity in this 
representation as the joints became slightly non-parallel. In the case of the S-Model, a 
similar discontinuity exists, since both models rely on the use of the common normal
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between consecutive axis. However, the important issue in the use of the S-Model for 
calibration purposes is whether this discontinuity effects the accuracy with which the model 
can represent the ti'ue physical system.
• Sensitivity to varying the range o f joint motion jrange'
Figure 3.21 shows the magnitude of the angulai' and linear S-Model parameter errors 
plotted against increasing measurement noise for the different jrange values. As with the 
mutually perpendicular joints, for the same simulation conditions listed in Table 3.12, 
vai'ying the range of joint motion 'jrange' has a mixed effect upon the angular errors 
again with the smallest occurring when jrange = 150°. The magnitude of both the angular 
and linear errors clearly shows the discontinuity in the S-Model description with large 
paiameter eiTors caused by small physical changes. As an example, with Exyz = 200|im and 
for the conditions shown in Table 3.13, and jrange = 250°, ||(|)^ |^| = 3.97radians and ||(|)g|^ || 
= l.lxlO^m.
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Figure 3.21. Effects of increasing 'jrange' on the S-Model parameter errors.
racl incr ^ sa in p ndipil
0.3m 5° 1 6
Table 3.12. Fixed parameters for joint i+1 identification for increasing yra/zge.
It is noticeable that the magnitude of the angular errors is approximately constant for 
all levels of finite noise for a constant jrange. Conversely, for the magnitude of the linear 
eiTors, increasing the amount of measurement noise after the initial discontinuity jump 
tends to reduce the errors. This is caused by the very slight misalignments resulting from a
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small measurement noise. Here the ti'anslation paiameters bi and di take extremely large 
values approximately equal in magnitude but opposite in sense. As the noise is increased, 
the axis become more non-paiallel, the point of intersection moving closer to the nominal 
axis position.
In the case of the angular errors, the effects of ai aie negligible since its value is close 
to zero. The remaining two rotation parameters pi and ji have the major effects. Errors in 
pi are attributable to the method of calculation, since from Equation (3.42):
-tmpi = or = 0 if = 0Cly
Consequently, when no noise is applied, the vector a = (0,0,1 )'  ^ and Pi = 0. 
Immediately noise is applied, ax and Oy take on finite, but small values, and therefore pi 
becomes finite, its value depending on the ratio ax.'Oy. The other rotation par ameter yi which 
is dependent on pi (Eq. 3.44) then takes a value approximately equal in magnitude to Pi but 
in the opposite sense. As the level of noise increases, it appears that the ratio ax.'ay does not 
alter, since f t  remains approximately constant. This is likely, since the joint i features are 
identified using the least squares minimisation procedures detailed in Section 3.2.1. 
However, if non-geometric effects were present, which were dependant on the value of the 
joint variable, this ratio would not remain constant, and ft would vary.
The S-Model description when representing mutually parallel joints is clearly 
sensitive to measurement noise, and suffers the same discontinuity problems as the DH 
model. Figure 3.22 shows the magnitudes of the angular and linear* link transformation 
pai'ameter errors according to Equation (3.71).
The errors in the link transfonnation parameters for the mutually parallel joints are 
identical to those for the mutually perpendiculai'joints shown in Figure 3.17, with errors of 
||\|/^®1| = 7.7x10'^radians and Hv^fl == 4.58xl0"^m, at jrange = 150° and a measurement 
noise of 200pm. These values represent TCP positioning errors of approximately 0.07mm 
and 0.05mm respectively for a Im extended robot ami.
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Figure 3.22. Effects of increasing 'jrange' on link transformation parameter errors.
• Sensitivity to varying the target arm radius 'rad '
Figure 3.23 shows the magnitudes of the angulai* and linear S-Model parameter eiTors 
against measurement noise for the various target aim radii. In contrast to the sensitivity of 
the angular errors for the mutually perpendicular joints, the angulai* errors are not effected 
by varying rad. Again large parameter errors occur immediately that small measurement 
errors are introduced, and from there on remain approximately constant for increasing 
noise. This is again attributable to the discontinuity in pi and consequently yi parameters, 
and the least squares estimation of the joint axis.
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Figure 3.23. Effects of increasing 'rad' on the S-Model parameter enors.
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Table 3.13. Fixed parameters for joint i+1 identification for increasing rad.
For the magnitude of the linear S-Model parameter errors ||(|)^^||, as in the case of 
increasing jrange, errors are reduced after the initial discontinuity jump by increasing the 
level of measurement noise. Also, by increasing the target arm radius 'rad' from 0.3m to 
0.8m, the magnitude of the S-Model linear errors increases, with at rad = 0.3m only 
38% of that at rad -  0.8m for Exyz = 200pm.
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Figure 3.24. Effects of increasing 'rad' on link transformation parameter errors.
The corresponding magnitudes of the angular and linear link ti’ansfoimation errors are 
shown in Figure 3.24 against increasing exyz. As with the study of the range of joint 
motion jrange, both the angular and linear link S-Model errors result in small link 
transformation errors. The magnitudes of angulai' and lineai' errors are veiy similar to those 
obtained for the perpendicular joint pair, with small differences being attributable to the 
slightly different range of joint motion used for the simulations as shown in Tables 3.7 and 
3.13. Increasing the target arm radius has a beneficial effect on the angular errors !|x{/g^ ®||, 
with reductions of approximately 63% gained when increasing rad from 0.3m to 0.8m for 
£xyz = 200pm, However, as in the case of the perpendicular joint pair, increasing the taiget 
arm radius has no effect on the linear link transfoimation errors Errors at the TCP
are of the same magnitude as for the perpendicular axis, with ||\)/g".^ || = 5.2xl0"^radians,
||\j/gJ”ll = 5.0xl0"^m producing 0.05m each for a Im extended robot arm.r5
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* Sensitivity to varying the angular increment 'incr'
Figure 3.25 shows the magnitude of the angular and linear S-Model parameter errors 
against increasing measurement noise for various angular increments between successive 
measurement points. Both angulai' and linear errors are maximum when incr= 5°, and 
decrease as the angular increment is increased. Angular errors are in the region of 1.05rads 
for incr = 5° at all finite levels of noise. Linear errors at incr= 5° are again very lai'ge, in the 
order of l.ôxlO^m at 200p.m noise, decreasing as more noise is introduced.
1.2e+0
1,0e+0
^  8.0e-1 5.
“  6.0e-1
• e - 4.0e-1
2.0e-1
8,0e+3
■B
g 4.0e+3
■ e -
2.0e+3
0,0e+0
500500 300200 400 0 100 200 400100 300
exyz (m icrons) 8cyz (m icrons)
Key: incr =
~ 0 —
  10°
20°
Figure 3.25. Effects of increasing 'incr' on the S-Model parameter errors.
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Table 3.14. Fixed pai’ameters for joint i+1 identification for increasing incr.
The coiTesponding errors in the link transformation parameters are shown in Figure 
3.26, where again, the large S-Model parameters are not tiansformed into equivalent errors 
in the link transformation parameters. Both the angular errors ||\(/^^|| and the linear errors 
||\j/gj^ !l are again identical to those obtained for the mutually perpendicular pair, for the same 
simulation conditions (Table 3.9 and 3.14).
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Figure 3.26. Effects of increasing 'incr' on link transformation parameter errors. 
• Sensitivity to varying the number o f samples 'risœnp '
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Figure 3.27. Effects of increasing ’risamp' on the S-Model parameter errors.
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Table 3.15. Fixed parameters for joint i+1 identification for increasing nsamp-
Increasing the number of samples taken at each measurement position has a mixed 
effect on the magnitude of the angular S-Model parameter errors as shown in Figure 3.27. 
Maximum angular errors occur with nsamp = 20, not 50, and minimum errors result when 
ttsamp = 1. Angular errors for Usamp = 1 at all non-zero noise values for the simulation 
conditions given in Table 3.15 are approximately 1.13xlO"&adians, which are increased to
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1.64radians for nsamp ~ 10- The linear eiTors show a more sti-aightforward relationship 
with increasing nsamp^  since smallest errors occur when nsamp = 1, increasing to their 
maximum values with nsamp = 50. Again, after the initial effects of the discontinuity for 
small noise, the linear errors ai'e reduced as more measurement noise is applied.
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Figure 3.28. Effects of increasing 'nsamp on link transformation parameter errors.
Figure 3.28 shows that the link ti'ansfoimation parameter errors are identical to those 
for the mutually perpendicular joints for the same simulation conditions (Table 3.10 and 
Table 3.15). Here, increasing nsamp reduces the magnitude of both the angular and linear 
errors.
• Summary
To summarise, for a link having axis systems that are parallel or near-parallel, the 
discontinuity present in the DH model representation is also present using the S-Model 
description, giving large parameter errors for small errors in target measurements. 
Therefore the S-Model description does not possess proportionality for mutually parallel 
joints. However, the coiTesponding errors in the link transformation paiameters, which 
represent the physical structure of the link, are very small in comparison with the errors in 
the S-Model parameters. They are in fact, equivalent to the errors present in the case of 
mutually perpendicular axes. Moreover, the errors in the representation of the lineai' link 
transformation parameters can be reduced as before, by :
* a low amount of measurement noise Sxyzy 
a large range of joint motion 'jrange'.
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• a small angulai' increment of joint motion between successive measurement
positions 'incr',
• a large number of samples per measurement position 'nsamp-
The target arm radius 'rad' does not influence the lineai' errors.
As in the case of mutually perpendicular axes, enors in the angular link 
transfoimation parameters are more difficult to interpret, since in some cases the 
exti'emes of the experimental parameter values do not produce the minimum parameter 
errors. However it is clear that to reduce the errors in the angular parameters, the following 
conditions should be pre.s.e.r\b:
* a low amount of measurement noise £xyz,
• a large target arm radius 'rad,
* a small angular increment of joint motion between successive measurement
positions 'incr',
* a large number of samples per measurement position
3.3.2. Phase2 Validation______________________________________
The remaining parameters in the complete kinematic model, once the 6 S-Model 
parameters have been defined for each link, can include the encoder mounting errors 
6 the [link N] parameters as well as additional geometric and non-geometric enor 
sources that may be present. Simulation of the Phase 2 identification stage has been 
perfoimed by identifying only the 6 encoder mounting errors for a 6-dof robot arm.
Simulation of the end effector measurements is performed in a similar way to that of 
Phase 1, as shown in Figure 3.29. Here, the link description of the robot from (base) to 
(TCP) is read from the model file as well as the initial estimate for the encoder mounting 
errors Then, according to some observation stiategy, a set of command angles di
= i.N is generated (step 4). Assuming certain offsets for the unknown parameter set X, and 
certain other experimental conditions, such as the precision and noise in the measurements, 
the TCP positions are generated for the manipulator Pobs(i)e (step 5). Then the 
IMSL modified Levenburg-Mai'quardt least-squares optimisation is used to estimate the 
solution vector. As described in Section 3.2.2, for diagnostic purposes, the identification 
Jacobian is analysed both at the initial guess and at the solution using the Singulai’ Value 
Decomposition.
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Figure 3.29. Flowchart for Phase 2 simulation.
Evaluating the performance of the identification is undertaken by studying the errors 
in both the residual position vector and the estimated solution vector
For the residual vector, the average residual Ravg and maximum residual Rmax of the 
positioning errors are recorded (step 7) indicating the goodness of fit or accuracy. For the 
par ameter vector, the norm of the error vector ||6X|| is preferred (step 8), to check that the
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model is correctly identified. Also to give an indication of the time efficiency of this phase 
of calibration, the number of iterations NITS and the execution time texec on a Sun 3/60 
workstation are recorded (step 9).
One of the considerations for the Phase 2 simulation, and indeed the actual robot 
calibration experiments themselves is how to select the measurement configurations of the 
robot that will provide the best ‘observability’ of the pai'ameters as described in Chapter 2. 
Previous studies of the obseiwability have highlighted that a good observation strategy is 
one in which both a large spread of joint command space, and simultaneously a large 
spread of caitesian space is achieved. This ensures that differences between measured and 
estimated positions are attiibutable to parameter errors and not to unmodelled error sources 
and measurement noise.
For this simulation, two observation sti'ategies are compared. Firstly, Strategy A 
{Obs = A), is one in which a random sequence of joint command angles is generated 
between the joints lower and upper motion limits using a uniform random number 
generator (IMSL’s DRNUN). This is equivalent to Driels and Pathre’s Strategy 4, a Monte 
Carlo type simulation (Driels and Pathre, 1990). The advantage of this sti'ategy is that a 
wide variety of robot configurations are used and all joints aie exercised equally throughout 
their full range of motion. However, the practical implementation of such a sti ategy may be 
difficult due to target occlusion from the measuring instalment.
For anthropomorphic manipulators such as the Puma-560, it is possible to reach 
certain areas of the workspace, known as the dextrous workspace (Kumar and Waldron, 
1980), with a variety of arm configurations. Within the control structure of the Puma, the 
ami configuration can be selected by the joint 2 (shoulder), and joint 3 (arm) positions. The 
shoulder can therefore be LEFTY or EIGHTY, and the arm can be either ABOVE or 
BELOW. Furtheraiore, since there is a high degi*ee of dexterity in the wrist mechanism, the 
wrist can either be in a FLIP or NO-FLIP state, indicating the operating range of joint 6. 
Consequently, for the Puma-560, the dextrous workspace consists of all those poses that 
can be obtained with any combination of the these configuration ‘rules’. Strategy A 
therefore produces an uniforai spread of all available ami configurations.
The second sti*ategy, Sti’ategy B {Obs = B) is more practical, and is derived from a 
3-dimensional cartesian spread of TCP positions within the ISO test cube region (ISO 
9283,1990). For the Puma-560 under consideration, the ISO cube has been defined within
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BYG’s GRASP off-line programming system, and using the available CAD facilities, split 
into a 5x5x5 giid. GRASP, with its nominal inverse kinematics for the manipulator, was 
then used to generate the joint angle sets for each vertex of the giid, providing a total of 125 
command positions. An important feature of this sti'ategy is that the robot configuration is 
held constant throughout the set of command positions, and intuitively may provide a poor 
‘observability’ of the paiameter errors.
To gauge the observability, Driels and Pathre’s Condition Number of the 
identification Jacobian is adopted (1990). The Condition Number is a measure of the 
relative errors in a linear system of equations and is defined as the ratio of maximum to 
minimum singulai' value returned from SVDk Here, low values of the Condition Number 
K  represent a good strategy, with k  = I the optimal strategy. As K  increases, the 
obseivability of parameter enors becomes worse with very high values indicating that the 
residual vector is no longer attributable to the pai'ameter errors. This is essentially a data 
redundancy, since the data does not sufficiently excite the model. A further cause of high 
Condition Numbers is if model parameters are redundant, where columns of the 
identification Jacobian attain some linear dependence. This issue of redundancy is 
pai'ticulai'ly important when large numbers of parameters aie included for identification.
As with the Phase 1 simulation, limitations on the identification accuracy occur due to 
the variance associated with the simulated noise applied to the caitesian positions. This 
means that even if the parameter set X is correctly identified with zero root-mean-square 
(nns) eiTors, the residual vector R(x) will have a variance dependant on the level of noise 
added to the TCP positions, according to Table 3.2. Again, these figures represent the 
lower bounds if averaging is not undertaken (nsamp = 1).
ISVD and the Condition Number are described in detail in Section 5.2.2.
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Sensitivity to measurement accuracy ndigu!OdigU
"digit NITS texec Rmax Ravg II8XII
(100 Max.) (min) (m) (m) (rads)
4 81 2:33 5.6e-05 3.7e-05 3.0e-04
6 17 0:36 6.8e-06 3.4e-06 5.8e-06
10 18 0:39 6.6e-06 3.3e-06 7.0e-06
14 18 0:40 6.6e-06 3.3e-06 7.0e-06
Fixed parameters:
Gxyz ~ 0pm; m — 10; nsamp — E Odigit '= 5; XG = 0.0; Xoffsei= O.lrad;
Obs = A
Table 3.16. Effect of vai'ying the taiget measurement accuracy ndigu-
The number of decimal places with which the target position is accurately recorded is 
the measurement precision. In Table 3.16, itdigu is increased from 4, representing 0.1mm 
in Im, up to 14, representing O.lxlO'^mm in Im. Significant improvements aie obtained in 
going from ndigu = 4 to 6 a 100 fold increase in precision, for both the residual vector and 
the pai'ameter errors attaining a 10 fold decrease in both R m ax  and Ravg^ as well as a 
reduction in the time efficiency of the identification. Further improvements are small even 
when the measurement accuracy is increased to tidigit =14, an unrealistically high precision 
for conventional metrology insti uments. This lack of improvement is likely to be due to the 
limited precision in the joint angle measurements OdigU for this simulation.
A similar effect is possible by varying the number of digits in the joint angle data used 
to command the robot Odigip This represents the accuracy of the joint encoders used within 
the robot structure. Table 3.17 shows the influence on the Phase 2 identification of 
increasing OdigU from 3 to 8 decimal places.
Qdigit NITS texec Rinax Ravg 115X11
(100 Max.) (min) (m) (m) (rads)
3 100* MAX 3:13 4.3e-04 2.6e-04 5.8e-04
5 17 0:36 6.8e-06 3.4e-06 5.8e-06
8 6 0:15 9.7e-07 5.06-07 5.7e-06
Fixed parameters:
Exyz “ 0pm; m -  10; ng^^p -  1; Hdigii == 6; XG = 0.0; Xo%Gt= O.lrad;
Obs = A
Table 3.17. Effect of vai'ying the joint angle measurement accuracy Odigu-
At OdigU = 3, corresponding to a joint positioning accuracy of IxlO'^radians or 0.06°, 
the optimisation reaches 100, the limit set on the maximum number of iterations for this 
simulation. The errors in the identified parameters for Odigu = 3 yield large positioning
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eiTors in the region of 0.28mm at the end effector. Significant improvements are obtained 
by increasing QdigU to 5 decimal places, equivalent to IxlQ-^radians or approximately
0.001°. This reduces the average positioning enor down to 0.04mm, an improvement of 
85% as well as producing improvements in the time efficiency texec • Further improvements 
in the positioning accuracy are obtained with OdigU = 8, equivalent to 1x10^ degrees, 
although the parameter errors are not reduced accordingly, which is likely to be caused by 
the limited measurement precision ndigiu
Both Tables 3.16 and 3.17 indicate the importance of data precision, both from the 
instrument measuring the TCP positions, and from the joint positioning device. Both these 
features are haidwaie dependant, and are not adjustable through normal experimental or 
maintenance procedures. However, both are critical to the ultimate accuracy achievable 
from the calibration procedure, which in certain cases may not be sufficient to undertake the 
desired task. Results indicate that a measurement precision of ±0.05mm (ndigU ~ 4) yields 
maximum residual errors of the same magnitude which seems realistic. Consequently, a 
measurement precision of ±0.1 mm would be expected to yield maximum errors of the same 
magnitude after calibration assuming that all other effects are negligible and the model 
pai'ameters aie correctly identified.
• Sensitivity to the number o f observations m .
The effect of vai'ying the number of observations m is shown in Table 3.18.
m NITS texec Rmax Ravg II5XII
(100 Max.) (min) (m) (m) (rads)
10 100* MAX 3:26 3.6e-04 1.9e-04 l.le-03
50 28 4:47 3.8e-04 2.4e-04 2.8e-04
100 22 7:36 3.8e-04 2.4e-04 1.2e-04
200 11 8:43 4.2e-04 2.4e-04 2.3e-04
Fixed parameters:
^xyz — 500pm; riganip ~ 10» "digit — 6; Odigit ~  5; XG — 0.0;
Xoffset— o.lrad; Obs — A
Table 3.18. Effect of vaiying the number of observations m.
Increasing the number of observations used for the Phase 2 optimisation does not 
have a significant effect on the residual vector. However, the parameter eiTors aie reduced 
significantly, by nearly an order of magnitude when increasing m from 10 to 100. Further 
increases in m, results in behaviour similai* to that obtained during the Phase 1 identification 
and the effect of varying the arm radius. That is, that the improvement of the parameter 
values is not steady as the number of observations is increased. This effect was noticed by
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Pathre and Driels (1990) during their simulations, and a similar explanation is proposed. 
That is, since the observation strategy used is Obs = A, in which a random number 
generator is producing a uniform distribution of joint angles, then as m is increased, the 
variability of cartesian positions may reduce somewhat. This indicates that if this type of 
strategy is adopted for the selection of experimental calibration configurations, there may be 
an optimal number of obseiwations.
• Sensitivity to the number o f samples per observation position nsamp
The effects of increasing the number of samples per obseiwation position are shown 
in Table 3.19. As with Phase 1, increasing nsamp for a noisy measurement signal with zero 
mean, should have a significant effect.
nsamp NITS texec Rmax R avg 115X11
(100 Max.) (min) (m) (m) (rads)
1 2 2 7:28 1.6e-04 l.Oe-04 2.7e-04
10 7 2:59 6.3e-05 2,9e-05 2.3e-05
20 8 3:03 4.2e-05 2.0e-05 9.9e-06
50 6 2:35 2.7e-05 1.3e-05 7.3e-06
Fixed parameters:
Exyz — 200pm ; m — 100; n j^igj  ^— 6; Ocjjgit — 5; XG —0.0; X offsei= O.lrad;
Obs = A
Table 3.19. Effect of varying the number of samples Usamp’
Increasing the number of samples has a significant effect on reducing both the 
residual vector errors and the errors in the identified model parameters. EiTors of 
approximately 0.1mm positioning error remain with nsamp = 1- This is reduced to 
approximately 0.03mm by simply increasing ftgamp to 10 which also improves the time 
efficiency of the identification. Further reductions in both the positioning residuals and the 
parameter errors aie possible by increasing Usamp further, although the rate of improvement 
decreases.
• Sensitivity to the initial guess XG
Estimating the initial guess for the encoder offsets may also have an influence on the 
identification procedure. Table 3.20 shows the effect of increasing the deviation AXG 
between the initial guess XG and the commanded offsets Xoffseh
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AXG NITS texec Rmax Ravg II5XII
Crads) (100 Max.) (min) (m) (m) (rads)
0.1 7 0:18 7.0e-06 3.4e-06 l.Oe-05
0.3 11 0:32 6.3e-06 3.6e-06 l.le -0 5
0.5 13 0:30 6.6e-06 3.4e-06 1.2e-05
0.8 15 0:33 6.7e-06 3.4e-06 1.2e-05
Fixed parameters:
Sxyz “  0pm; m — 10; ngjunp — E "digit -  6; Odigit — 5; Xoffset— O.lrad;
Obs = A
Table 3.20. Effect of varying the error in the initial guess AKG.
The resulting positioning residuals and the parameter enors are only slightly 
influenced by altering the initial guess, indicating that the modified Levenburg-Marquardt 
algorithm is extremely robust to this parameter. Even though the accuracy of the 
identification is not effected by the quality of the initial guess, the time efficiency is. With a 
good initial guess, SXG -  0.1 radian, equivalent to approximately 5° the execution time is 
less than 60% that at 0.3, 0.6 or O.Sradians. These latter figures are equivalent to large 
deviations in the parameter estimates of up to 46°. Since the parameters in the identification 
set X  will include the encoder mounting errors, which aie likely to be small, then errors of 
this magnitude ai’e unlikely.
• Sensitivity to the observation strategy Obs
Obs NITS 
(100 Max.)
texec
(min)
Rmax
(m)
Ravg
(m)
115X11
(rads)
K
A
B
14
67
6:35
26:30
1.6e-04
1.4e-04
l.Oe-04
1.06-04
9.16-05
7.06-04
22
56
Fixed parameters:
Gxvz = 200pm; m = 125; risamp — R "digit — 6; Odigit = 5; XG = 0.0; Xoffset= O.lrad
Table 3.21. Effect of the observation sti’ategy Obs.
The two observation sti'ategies are compared in Table 3.21. To reiterate, strategy A 
(Obs = A) consists of a Monte Carlo simulation of the joint angle sets, using a random 
number generator with a uniform distribution between the joints lower and upper bounds, 
which for the Puma-560 are shown in Table 3.22. Sti'ategy B (Obs = B) consists of a 
cartesian spread of target positions within the ISO test cube, which for the Puma-560 is 
approximately a 500mm sided cube.
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Joint 1 Joint 2 Joint 3 Joint 4 Joint 5 Joint 6
upper limit 160=' 43° 232° 170° 100° 266°
lower limit -16(P -232° -52° -110° -100° -266°
Table 3.22. Joint limits for the Puma-560 manipulator.
The observation strategy chosen for selecting robot configurations for the 
identification of the model parameters has no effect on the residual positioning errors of the 
manipulator. However, what is effected is the accuracy of the parameter identification with 
over an order of magnitude reduction in the ||Ô8|| errors. Also, the time efficiency of the 
identification is also significantly effected by the strategy chosen, with a four times increase 
in texec when Obs = B over that with Obs = K . These trends are indicated by studying 
the Condition Number /c, which is intended to quantify the observability of the parameter 
errors. Stiategy A has a low fc, indicating good attribution of measurement configurations 
to the parameter errors. However, strategy B has k approximately 2.5 times higher, 
indicating a poorer strategy, and hence there is a reduction in the accuracy of the identified 
pai’ameters.
• Summary
To summarise the effects of experimental conditions upon the Phase 2 identification 
procedure, the factors significantly affecting the residual positioning vector R(x) include: 
the accur acy of the target position measurements ndigu', the accuracy of the joint positioning 
measurements OdigU\ and the number of samples per observation n^ amp^  Of these only nsamp 
is a controllable experimental parameter, since both ndigU and Odigit are fixed hardware 
dependent features. However, results indicate that significant reductions in the average 
positioning error are obtained thr ough increasing both the measurement precision ndigU and 
the precision of joint angle measurements OdigU> Reductions in the residual errors are 
obtained by increasing fisamp-
Factors significantly influencing the identification of the parameter vector X include: 
the measurement accuracy ndigU and Odigu, the number of samples nsamp', the number of 
observations m; and the observation strategy Obs. As with the residual vector significant 
reductions in the norm of the parameter vector are evident by increasing both the target 
measurement precision ndigit and the precision of joint angle readings Odigit^  Again 
increasing nsamp reduces the magnitude of the parameter errors. Generally increasing m has 
a beneficial effect on parameter identification, although for some obsei’vation strategies an 
optimal number of observations may exist. The observation str ategy itself has a significant
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effect on improving the identification of the parameter values, with large Condition 
Numbers k o î the identification Jacobian representing a 'poor' stiategy.
In terms of the time taken for the Phase 2 identification process, the longest execution 
time texec taken for a 'gross' optimisation process was 26 minutes and 30 seconds. 
Generally time taken for the identification process will not be a critical issue, since 
identification is perfoimed off-line. However if re-calibration has to be performed on a 
regular basis then texec must be considered in the context of production down-time, and the 
cost of the calibration process (Ladany and Ben-Arieh, 1990).
The non-lineai’ optimisation method adopted for the Phase 2 identification enables the 
addition of any geometiic and non-geometric error sources, which are considered to be 
sources of error for a pai'ticulai' manipulator. To date only geometric par ameters have been 
include, and verification has been performed only for the encoder mounting eiTors. 
However, since only the forward kinematics are required by the Phase 2 identification 
algorithm, then additional error sources can easily be included.
3.5. SUMMARY
A new kinematic calibration methodology has been proposed and validated for the 
purpose of robot kinematic calibration, which can be used to compensate for the 
inaccuracies in robot mechanisms. The kinematic model used is based on Stone's 6 
parameter S-Model (Stone, 1987), with certain modifications to enable a complete 
description of the manipulator to be identified. The modified S-Model (MSM) has been 
shown to be suitable for the modelling of serial chain manipulators by taking revolute joints 
as an example.
The identification of the model parameters within the modified S-Model (MSM) is 
performed in two phases. Firstly, Phase 1 identifies the 6 link S-Model parameters for each 
link in the serial chain, using target positions generated from individual joint motions. This 
enables the accurate link transformation parameters to be directly identified. Secondly, in 
Phase 2, the link par ameters are used within the forward kinematic model as part of a non­
linear optimisation procedure in which additional ill-defined model parameters are 
identified, which can include both geometi'ic errors such as encoder mounting errors and
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also non-geometric effects. The Phase 2 identification minimises cartesian positioning 
errors between the observed end effector positions and the estimated positions from the 
forward kinematics.
Validation of both phases of the MSM identification process has been undertaken by 
examining the effects on parameter accuracy of varying experimental conditions through 
numerical simulation. The S-Model link description has been shown to be discontinuous 
for parallel or near parallel joints, in a similar way to the DH model. As with the DH 
model, this means that the S-Model is not applicable to a small error model approach to 
identification, where small parameter errors are assumed around the nominal kinematics of 
the manipulator. However, since the S-Model uses 6 parameters per link description, then 
link frames can be directly assigned to individual joints through joint motions. 
Furthemiore, the S-Model link parameters can then be directly identified. In Phase 2 a more 
typical approach to calibration is taken, with unknown model parameters identified through 
a non-linear optimisation. A modified Levenburg-Marquardt algorithm for the solution of 
the over-detenirined non-linem* system has been shown to be resilient to poor initial guesses 
of the parameter values, parameter redundancy and measurement noise.
Results of the validation experiments indicated that for the Phase 1 identification the 
following experimental conditions should be utilised to minimise the errors in the resultant 
geometry of the link between consecutive joint axes:
• a high measurement precision,
• a low amount of measurement noise,
• a large range of joint motion,
• a small angular increment of joint motion between successive measurement 
positions,
• a large number of samples per measurement position,
• a large target ami radius.
Similarly for the Phase 2 identification, the following conditions should be utilised:
• a high measurement precision,
• a low amount of measurement noise,
• a large number of observations,
• a large number of samples per measurement position.
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• an obseiwation strategy that yields a low Condition Number of the 
identification Jacobian.
The proposed calibration methodology is limited to serial chain manipulators 
comprised of revolute joints. Techniques for identifying the features of prismatic joints 
have not been included due to time constr aints. Discussions on the 'completeness' of the 
model have been based on one particular manipulator, a Puma-560, which is perhaps the 
most widely studied manipulator in all areas of robot analysis. However, the proposed 
calibration methodology should be applicable to all serial chain manipulators requiring 
minor additions for prismatic joints and the identification of the base axes of a manipulator 
not having an offset shoulder configuration. A further limitation of the proposed calibration 
methodology is that it does not contain models of non-geometi'ic error sources which may 
be present in certain manipulators since they do not seem suitable for systematic modelling 
and identification. However, the two phases of parameter identification do enable additional 
error sources to be included if there effects are considered significant for a particular 
device. The ability of this technique to calibrate closed-chain mechanisms has not been 
investigated.
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4. EXPERIMENTAL KINEMATIC CALIBRATION
The calibration methodology described in Chapter 3, based on the Modified S-Model 
(MSM), has been applied to a Puma-560 six degree-of-freedom (dof) industrial robot, in 
order to improve its absolute positioning performance. During Phase 1 of the kinematic 
calibration procedure, individual joint motions are studied by attaching a suitable taiget at 
the end effector and recording its motion using the OPTOTRAC instrument (Appendix B). 
Since the six S-Model link kinematic parameters are extracted from successive joint 
motions, the dimensions of this target are not crucial to the success or failure of this 
operation, although as discussed in Chapter 3, the target radius does influence the accuracy 
of the identified parameters, with larger radii being desirable.
During Phase 2 of the calibration procedure, the objective is to explicitly define the 
relationship between the base axis of the robot and the point at which all tools aie mounted 
on the end effector, known as the Tool Attachment Point (TAP). Any measurements 
recording the position of a target, attached to the end effector during the calibration 
experiments, must therefore be accurately related to the {TAP}, requiring a calibrated 
target. A procedure for calibrating the cat's eye target is described in Section 4.1 along with 
experimental results. In Section 4.2 the kinematic calibration methodologies described in 
Chapter 3 are applied to a Puma-560 six degree-of-freedom industrial robot.
4.1. CAT’S EYE TARGET CALIBRATION
4.1.1. Introduction___________________________________________
During use of the OPTOTRAC system for measuring the robot's positions for the 
Phase 2 identification stage, the cat's eye target designed by Mayer [1988] is attached to the 
manipulator's end effector. Tracking the target relies, amongst other things in a contioller 
sense, on the optical properties of the cat's eye, with its mechanical properties of little 
Ph.D, 1991 D. Stanton 106
Chapter 4: Experimental Kinematic Calibration
importance. Consequently, the kinematics of the target have previously not received any 
attention. However, when the measurements of the target ai*e to be related accurately to 
particulai’ features of the robot stmcture during calibration, the location of the optical centre 
of the target with respect to its mounting surface becomes extremely important. Indeed, 
during kinematic calibration of a robot the tool definition must be accurately known in order 
to identify all the parameters of the robot sti ncture up to, and including, the ti'ansfoimation 
from the link frame attached to the last joint N, to the Tool Attachment Point {TAP}, on 
which all tools are mounted.
Veiy few researchers have concerned themselves with the [TOOL] definition. Instead 
most have assumed that the last identifiable link, N-1, between joints N-1 and N, is enough 
to completely describe the manipulator. Consequently, their schemes will not enable the 
overall performance of the manipulator to be improved, as much as is claimed, when the 
manipulator is loaded with the correct tool for undertaking its task. This fact may have 
severe consequences during normal operation of the manipulator, when an incorrect 
[TOOL] definition, inflicted by the incompleteness of modelling the {TAP}, may cause 
undesirable motions at the Tool Centie Point {TCP} (Gerstenberger, 1988).
For the cat’s eye tai'get (Figure 4.1), assembly errors are likely to occur during its 
manufacture since the consti'uction process is based solely on the target's optical properties, 
ensuring optical integrity for tracking purposes. As a consequence, the mechanical features 
of different targets may vary significantly, and may only roughly approximate to those 
intended in the design. To accurately detennine the correct kinematics of the target for the 
[TOOL] definition of a particular cat's eye target, a calibration methodology has been 
developed.
The {TCP} of the cat's eye is located at the optical centre of the target, and can only 
be identified using an optical measurement technique. Calibration is achieved by locating 
the mounting surface at distinct target locations having accurately known displacements. 
The method for target calibration utilises a retro-reflector calibration device (ROD) to 
determine the optical centie of the target in conjunction with a Deckel FP4-ATC CNC 
machine tool for fine positioning (Deckel, 1986).
Ph.D. 1991 D. Stanton 107
Chapter 4: Experimental Kinematic Calibration
Figure 4.1. Cat's eye target
The following sections describe the calibration methodology and test results for the 
cat's eye target used for the robot calibration experiments.
4.1.2. A Methodology for Calibrating the Cat’s Eye Target___________
The three cartesian offsets Xg, Yq, and Zq from the standard mounting flange are 
calculated by recording the position of the optical centre of the target at a variety of 
measurement configurations. Knowledge of the relationship between these various 
configurations is then used to calculate the offsets with some statistical properties.
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Figure 4.2. The cartesian offsets of the target.
A test rig for target calibration
In order to move the cat's eye target through known displacements, a calibration rig 
was designed and manufactured (Figure 4.3). Since the target is retro-reflective, orientation 
changes cannot be determined when using an optical technique for studying displacements. 
Consequently, any movement of the target from one calibration location to another must 
ensure minimal orientation change, except when those changes are precisely known. The 
sets of holes used for mounting the target during the calibration experiments therefore 
require precise positioning.
Given the objective of identifying the three cartesian offsets of the target with an 
accuracy of better than 50 microns, then stringent requirements were placed upon the 
manufacturing tolerances of the calibration rig. The following specifications were imposed 
on the manufacture of the calibration rig which was both designed and manufactured within 
the Department of Mechanical Engineering:
• Flatness and parallelism of mounting surfaces: ± 0.020mm.
• Hole position tolerances: ± 0.020mm.
After manufacture, the validity of the dimensional accuracy was checked using a 
Coordinate Measuring Machine (CMM).
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Figure 4.3. Cat's eye calibration fixture 
Fine positioning on the Deckel CNC machine
Precise positioning for the calibration experiments was performed by mounting the 
cat's eye test rig upon the traversing slideways of a 4-axis Deckel FP4-ATC CNC machine 
tool (Figure 4.4). Alignment of the centre line of the rig with the slideway axis was 
achieved using a dial gauge alignment tool in two of the dowel holes on the top surface of 
the rig. To ensure accuracy in the measurements obtained with the Deckel, certain test 
procedures were specified and closely adhered to. The procedures for using the Deckel as 
part of a measurement tool were as follows:
1. To avoid backlash effects, the target point must always be approached 
from the same direction.
2. The initial approach to the target is performed using the coarse motion 
movement of the slideways.
3. The final approach to the target is performed using the fine motion 
movement of the slideways, ensuring that the target point is not 
overrun.
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For the Deckel the two axes used for target calibration were the horizontal traverse 
and the vertical traverse, with the remaining two axis being tool post movements. The 
horizontal traverse produces Xg motion data, and the vertical traverse produces Zg motion 
data.
too lp o st rotation
horizontal slidew ay  m otion xs
Figure 4.4. Deckel FP4-ATC 4-dof motion.
A device for Finding the targets optical centre
The retro-reflector calibration device (RCD) designed by Mayer (1988), was used to 
locate the centre of the cat's eye target. The RCD, shown in Figure 4.5, consists of a light 
source (torch or lamp) which directs a beam of light through a pin-hole arbitrarily located 
on one side of a beam-splitter, a moveable lens to focus the image of the pin-hole on the
target, and a microscope to view the reflected image of the pin-hole.
The operating principal of the RCD is as follows:
The light from the source passes through the pin-hole thus forming a
narrow collimated beam.
The reflected beam returned from the cat's eye retro-reflective target is 
diverted through 90° by the beam-splitter, which is viewed by the 
microscope as it passes through the cross-hair target.
To ensure that the reflected beam is returned from the centre of the cat's eye, the RCD 
device requires calibration prior to use. Calibration is performed with the use of a plane
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miiTor as a substitute target, which, unlike the cat's eye, does not introduce any lateral 
displacement between the incident and reflected beams. Therefore, using the image of the 
pin-hole returned from the plane mirror, the cross-hairs are aligned with the centre of the 
pin-hole. Any relative movement between the pin-hole, the cross-hairs and the microscope 
after calibration will invalidate the measurements. During normal operation, the cat's eye 
target is moved relative to the RCD until the returned image of the pin-hole is aligned with 
the cross-hairs. In this position the cats' eye produces the same image as the plane mirror, 
and consequently, since no lateral displacement occurs, the incident beam points directly at 
the optical centre of the target.
M icroscope
Incident beam 
Reflected beamA FocusLight
S o u rc e
F o c u s C a t's  E ye ta rg e t
B eam  Spiitter
C ro ss -h a irs
P in-ho le
Figure 4.5. Schematic of the retro-reflector calibration device (RCD).
This simple device allows very precise identification of the centre of the cat’s eye 
target, with the limitation on accuracy imposed by operator consistency in finding the centre 
of the pin-hole image. Preliminary experiments indicated that the diameter of the pin-hole is 
approximately 56jim, giving a device accuracy of approximately ± 28 |im . Repeatability 
experiments indicated that the centie of the pin-hole image could be located to within +2|Lim 
for repeated trials.
Procedures for offset determination
The three cartesian offsets are identified using separate procedures during which 
certain of the location holes on the calibration fixture (Figure 4.3) me used.
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Figure 4.6. Zq Identification.
The procedure for identifying the Zq offset (Figure 4.6) is as follows:
1. Mount the target and the calibration flange at position Z l, identify the 
centre of the pin-hole image and record the Deckel CNC slideway 
readings (xg and Zg traverse).
2. Move Deckel slideways out of position. Re-align the Deckel until the 
same image is fomied on the cross-hairs, and take a reading.
3. Repeat steps 1 and 2, three to five times (for statistical improvement).
4. Repeat steps 1, 2 and 3 for positions Z2, Z3 and Z4.
5. Calculate the lines A-A and B-B through target positions Z1&Z2 and 
Z3&Z4.
6 . Calculate the lines C-C and D-D through target positions Zl and Z2 
perpendicular’ to A-A.
7. Calculate the distance E between A-A and B-B at three positions: Z l, 
Z2, and midway between them.
8 . Calculate the Zq offset since: E = 2 x {Zq + tf) + tr with fy the thickness 
of the calibration flange, and tr the thickness of the rig base mount.
9. Finally calculate the average offset Zq and the standard deviation o .^
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Figure 4.7. Yq Identification.
The procedure for identifying the Yq offset (Figure 4.7) is as follows:
Steps 1 through 6 inclusive are identical to those for the Zq offset, using Y 
mounting positions instead of Z positions.
7. Calculate the distance E between lines A-A and B-B at three positions: 
along C-C and D-D and midway between them.
8 . These values of E are then used to calculate the Yq offset since: E = 2 x 
( Y q  + ta) + tr with ta the dowel hole offset from the calibration rig 
surface, and tr the thickness of the rig base mount.
9. Finally calculate the average offset Yq and the standard deviation Oy,
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Figure 4.8. Xq Identification.
The procedure for identifying the Xq offset (Figure 4.8) is as follows:
Steps 1 through 3 inclusive are identical to those for the Zq and Yq offsets, 
using X mounting positions instead of Z/Y positions.
4. Rotate the target through -45 degrees into position X2 and repeat test 
procedures 1 to 3. Then repeat for +45 degree rotation to position X3.
5. Extract the x traversed distances Dx,q between the tai get positions at XI 
and X2, XI and X3 using the horizontal slideway information.
6. Using the previously identified Yq offset'*' and the accurate distance 
between the dowel holes B it is possible to find the Xq offset:
1X Q —sin 0 Dx ,6 '
with 6 the rotation angle between successive measurement positions, 
nominally 45° and 90°.
7. Finally calculate the average offset Xq and the standard deviation oy-.
* The targets Yq offset must be identified before this can be achieved.
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4,1.3. Experimentation and Results
Accuracy of the appai atus
To assess how accurately it is possible to determine the cat's eye target offsets, it is 
necessary to study the various errors that may contribute to the uncertainty. Random errors, 
generally caused by measurement inconsistencies can be reduced by statistical methods 
such as in the case of the retro-reflector calibration device. However, systematic errors 
caused by inaccuracies in the appaiatus are always present, and must be accounted for in 
the estimation of the offsets. In this case, the dimensions of the cat's eye calibration rig, 
which is crucial to the precision of the offset determination, have been examined using a 
coordinate measuring machine (CMM). The results of these tests are summarized as 
follows:
• Flatness and pai'allelism of mounting surfaces: < 0.090mm.
• Hole position tolerances: < 0.055mm.
Although these achieved tolerances do not comply with those specified during the 
design of the rig, they do represent high dimensional integrity. The maximum dimensional 
errors possible from a combination of these tolerances is approximately 180p.m.
Front E levationR e fe re n c e  dow el location 
for Y ooffset te s t
C alibration  flan g e  
th ic k n e ss  = tf C alibration rig b a s e  m o u n t th ic k n e ss  = tr
Figure 4.9. Calibration features of the cat's eye calibration rig.
The dimensional features of the calibration rig requtied for the calculation of the target 
offsets aie those shown in Figure 4.9. Measurements of the calibration flange thickness tf, 
the rig base mount thickness tr, and the offset from the dowel hole on the angle plate fg, aie 
presented in Table 4.1.
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Test rig feature Average (mm) Standard dev. (pm)
tf 9.982 15.6
tr 25.310 5.2
ta 31.995 47.6
Table 4.1. Calibration parameters of the test rig.
In order to minimise the influence of any particular error in the calibration rig, each 
offset test was undertaken twice, with the calibration rig rotated through 180° for the 
second test.
Estimation of the target offsets
Following the procedures outlined above, estimation of the cat's eye target offsets 
Xo, Yq and Zq are given in Table 4.2.
Offset Average (mm) Standard dev. (um)
Zo 82.322 1.5
Yo 30.255 8 . 0
Xo 42.200 169
Table 4.2. Cat's eye target offsets.
Accuracy of the results
Stochastic error sources include operator identification of the centre of the pin-hole 
image during use of the RCD, and mounting inconsistencies in fixing the target onto the 
calibration fixture. Repeatability tests using the retro-reflector calibration device and the 
Deckel CNC machine yielded a mean error of less than 2pm, with a standard deviation of 
better than 3pm. The mounting errors of the target on the calibration rig were also studied 
by repeated placement at various target locations, including the Xq offset determination 
locations, for which no method of securely fixing the target was available. These mounting 
tests revealed average mounting errors of approximately 15pm, with a standard deviation 
of better than 13pm. Figure 4.10 shows the calibration test in progress.
Ph.D. 1991 D. Stanton 117
Chapter 4: Experimental Kinematic Calibration
Figure 4.10. Cat's eye calibration tests in progress.
The results detailed in Table 4.2 indicate a good confidence in the Zq and Yq offsets, 
with standard deviations of 1.5pm and 8.0pm respectively. The Xq offset however, shows 
a much larger standard deviation of 169pm, indicating that the identification procedure 
utilised does not provide a consistent estimate of this offset. This could be attributed to 
various factors, including:
• The Xo test locations consist of dowel holes without fastening holes to secure the 
target for each measurement. This may cause inconsistencies in the placement of the cat's 
eye target, although tests of the repeatability in position for re-mounting the target indicate 
that this is not the case.
• The reflected image of the pin-hole as seen in the microscope, is distorted when the 
cat's eye is rotated through an angle. The lens of the retro-reflector calibration device 
(Figure 4.5) then requires adjustment to focus the projected pin-hole image onto the target. 
Since this is a very sensitive device, any movement is likely to introduce misalignment of 
the device with respect to its set-up condition, leading to errors in the identification of 
centre of the pin-hole as seen by the operator (Figure 4.8).
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• Although hole position measurements made on the CMM allowed the determination 
of the actual angles of rotation during the Xo offset tests, the calculation of the offset is 
dependent on the rotation taking place around the precise mid-point between the sets of 
dowel holes (Figure 4.7). Since the holes are in error in position, then the centre lines 
between the sets of holes will not coincide at this mid-point, causing translation errors in 
the target position in addition to those orientation changes intended.
Of these various sources, it is thought that the main cause of error in the 
determination of the Xo offset is the need to adjust the focusing mechanism of the RCD 
during the course of the experiments. In future this problem could be solved by using an 
additional translation stage mounted upon the Deckel slideways, that could move the 
calibration fixture in the direction along the line of sight of the RCD (ie. along the tool post 
motion yt in Figure 4.4). Alternatively, a completely different target calibration 
methodology could be designed around the use of the OPTOTRAC instrument, which 
could determine the real distances travelled by the optical centi'e of the target between the 
Xo target locations. Unfortunately, to date the effects of target orientation changes on the 
measurement accuracy of the OPTOTRAC system have not been reported and the likely 
accuracy achievable for such a task is unknown.
4.2. CALIBRATION RESULTS FOR A PUMA-560 MANIPULATOR______________
The Puma-560 manipulator is a six dof articulated robot arm. It has been widely 
studied in the literature in all aspects of robot analysis due to its wide availability. The 
kinematic calibration methodologies described in Chapter 3 have been applied to a Puma- 
560 in order to improve its absolute positioning peifomiance.
The particular device available for the calibration experiments is an early (1980/81) 
Mark 1 device using a VAL I controller, with manufacturers serial number T053. 
Assessment of the robot’s accuracy and repeatability has been undertaken to assist in the 
development and validation of the ISO 9283 test procedures (1990). Measurement of a 
subset of the ISO Pose Accuracy and Repeatability test (ISO 9283, §7.2), recording end 
effector position only, have been performed with the OPTOTRAC measuring instrument. 
The ISO test consists of driving the manipulator to 5 test points which lie on one of several 
planes within the ISO test region. Generally the test region is the largest cube that fits
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within the most usable portion of the robot’s working volume having sides parallel to the 
base axes of the robot. However, in some cases such as with SCAR A manipulators, the 
test region is the largest parallelepiped, since in general the vertical workspace of these 
manipulators is very limited. During the test the robot is programmed to points P5-P4-P3- 
P2-P1 for a minimum of 30 cycles. The ISO test cube and 5 test points for the Puma-560 
are shown in Figure 4.11.
Figure 4.11. ISO test cube and 5 test points for the Puma-560.
The results of the ISO Pose Accuracy and Repeatability test for the Puma are shown 
in Table 4.3.
PI P2 P3 P4 P5
ISO Accuracy 'AP' (mm) 3.9 19.5 15.5 3.0 3.6
ISO RepealabiliiY 'RF (um) 40 52 49 55 39
Table 4.3. ISO 9283 Accuracy and Repeatability for the Puma-560.
From Table 4.3, the average positioning accuracy and repeatability over the five test 
points are therefore 9.1mm and 47|im respectively. The Puma repeatability of 47]rm is well 
within the reported manufacturers figure of ±0.1 mm for this manipulator (Whitney et. a l, 
1986). Also, even though the obtained accuracy for this device is poor, it is not uncommon 
for a Puma-560, since similai' results were reported by Mooring and Pad aval a (1989) for 
theii' base axis location model.
By coincidence the method used within the OPTOTRAC automatic ISO Pose 
Accuracy and Repeatability test, to relate the measurements to the robots {base} axis is 
identical to that of Mooring and Padavala. A ‘best-fit’, in a least squares sense, between the
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five attained positions and the corresponding robot commanded positions is performed. 
Unfortunately this means that the specific accuracy figures at the 5 ISO test points cannot 
be interpreted in teims of the accuracy distribution across the manipulator’s workspace.
To assess the confidence in the data obtained from OPTOTRAC during these 
experiments, the triangulation cross-over errors were studied (Appendix B). During site 
calibration of the OPTOTRAC instiument, maximum cross-over errors for the calibration 
file were in the order of 0.07mm. During the ISO test maximum cross-over errors were in 
the order of 0.14mm, indicating that during the test the uncertainty in the data was gieater 
than the specified OPTOTRAC accuracy of ±0.06mm per metre. Unfortunately this 
indicator does not give a true measure of the amount of uncertainty, since experiments to 
investigate this relationship have not been perfomied.
The nominal DH kinematic parameters of the Puma-560 have been reported in much 
of the literature with an amount of variability. Table 4.4 gives the correct DH nominal 
kinematic parameters used within the robot controller for the ‘arm solution’, according to 
supplied information from the manufacturer (Gilbert, 1988).
Link 1 a i (deg) ai (m) di (m)
1 -90 0 0
2 0 0.4318 0.14907
3 90 -0.02032 0
4 -90 0 0.43307
5 90 0 0
6 0 0 0.05599
Table 4.4. Nominal DH kinematic pai*ameters for the Puma-560 manipulator.
4.2.1. Phase 1 identification____________________________________
Joint Feature Identification
Since the Puma manipulator comprises of revolute joints only, identification of the 
joint features is undertaken simply by measuring individual joint motions and applying the 
techniques of Section 3.2.1, whilst the robot is in its ‘signature’ configuration. A special 
cat’s eye target aim has been designed and manufactured that can be attached to the end 
effector for the joint motion experiments (Figure 4.12). The target allows both the target 
ami radius to be adjusted as well as allowing a shaft rotation in order that the cat’s eye can
Ph.D. 1991 D. Stanton 121
Chapter 4: Experimental Kinematic Calibration
be made accessible to the OPTOTRAC instrument for all tests, without the necessity of 
instrument re-siting.
Figure 4.12. Calibration target for Phase 1.
Measurements of the individual joint motions for the Puma-560 were performed with 
the conditions shown in Table 4.5.
joint jrange (deg) target rad (m) incr(deg) nsamp
1 150 0 . 6 8 5 2 0
2 2 2 0 0.84 5 2 0
3 2 2 0 0.57 5 2 0
4 190 0.26 5 2 0
5 180 0.26 1 0 2 0
6 230 0.26 1 0 2 0
Table 4.5. Conditions for the joint motion tests for the Puma-560.
The comparatively short target arm radius ‘rad’ used for the wrist joints (4,5 and 6) 
of the Puma was necessary to avoid exceeding the torque limit of the small joint motors, 
which could cause damage to the mechanism. For the main positioning joints (1,2, and 3), 
‘rad’ is a combination of the target length and also the contribution of the configuration of 
the manipulator in the ‘signature’ configuration. Figure 4.13 shows the Phase 1 calibration 
tests in operation.
I
Identification of the joint features, the plane of rotation and centre of rotation, 
according to the procedures detailed in Section 3.2.1 yielded the results in Table 4.6 for the 
Puma. In the table, rms(R), Ravg, and NITS, represent the root mean square value of the 
residuals, the mean residual error and number of iterations required for convergence
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respectively. Also shown are the maximum triangulation cross-over errors Afnax obtained 
from the OPTOTRAC instrument during these tests. These indicate that the uncertainties in 
the measurements exceed the specified accuracy of the instrument.
Figure 4.13. Phase 1 tests in operation.
Perpendicular residuals Radial residuals Amax
joint rms(R) (m) Rgvp (m) NITS rms(R) (m) Ravg (m) NITS (mm)
1 2.38e-05 1.97e-05 5 1.52e-04 1.16e-04 3 0.30
2 8.90e-04 7.50e-04 2 2.53e-04 2.14e-04 3 0.53
3 3.06e-04 2.65e-04 2 1.52e-04 1.31e-04 3 0.45
4 1.91e-05 1.50e-05 9 6.93e-05 5.66e-05 4 0.37
5 5.14e-05 4.25e-05 6 7.88e-05 6.44e-05 3 0.32
6 4.18e-05 3.87e-05 6 1.160-04 9.97e-05 3 0.35
Table 4.6. Joint feature identification results for the Puma-560.
The results in Table 4.6 for the robot indicate that the joint 2 and joint 3 residuals are 
much larger than those of the remaining joints. This is evident by studying the residuals as 
a function of the joint motion for the 6 joints. Figures 4.14 through to 4.19 show both the 
perpendicular residuals from the estimated plane of rotation (Equation 3.23), and the radial 
residuals from the estimated circle of rotation (Equations 3.34 and 3.35).
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Figure 4.14. Joint 1 residuals.
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Figure 4.15. Joint 2 residuals.
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Figure 4.16. Joint 3 residuals.
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Figure 4.17. Joint 4 residuals.
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Figure 4.18. Joint 5 residuals.
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Figure 4.19. Joint 6 residuals.
The results shown in Figures 4.15 and 4.16 indicate the excessive residuals for joints 
2 and 3. The cyclic tendencies indicated in the figures are likely to be attributable either to 
base motion of the Puma manipulator as discussed by Whitney et. al. [1984, 1986], or to 
non-ideal joint motion or joint wobble. In the first instance, when joint 2 is exercised, the 
manipulator configuration changes from LEFTY to EIGHTY as the arm passes through the
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vertical 'sti’aight-up' position. This alters the effects of inertia on the base mounting 
sh'ucture and could possibly result in the whole manipulator moving. However, this would 
not be expected to cause the cyclic effects which are clearly evident in the figures, a fact 
which is substantiated by the spatial period of base motion discovered by Whitney et. al. 
which was approximately 440°, compared with approximately 160° for the motions of 
joints 2 and 3 for this manipulator.
The alternative explanation for this cyclic behaviour is that of non-pure rotary motion 
of the joints. This non-geometiic effect has been described as gear run-out by Judd and 
Knasinski who experienced similar motions for their Automatic AID-900 manipulators 
[1987, 1990]. They state that it occurs since the centre of rotation of the gear is not 
coincident with the centre of its pitch circle, causing non-uniform joint motion. These 
authors also describe other sources of error in gear* drive trains that can cause certain non- 
geometiic joint motions. In this case, these effects are considered to be attributable to both 
the design and wear of the drive mechanism of our robot.
Even though it may be possible to include analytical expressions describing these 
effects, by studying the detailed mechanism of the joint drives in a similar way to Judd and 
Knasinski, they would be particular to this specific type of robot. They would not therefore 
be useful within a general calibration methodology, which is the objective of this thesis. 
However, that is not to say that these effects are insignificant, and may not have a 
detrimental effect on the accuracy of the identified link parameters, which could indeed be 
the case. Furthemiore, if the accuracy obtained via calibrating geometiic effects only does 
not result in sufficient manipulator accuracy for a specific task, then the additional 
complexity associated with modelling these non-geometric error sources may be viable. 
Since the proposed calibration methodology does identify these cyclic effects, a model 
describing them could be incorporated within the overall scheme to further improve the 
attained peifomiance if required.
Extracting the S-Model parameters
With the joint featui es identified, the S-Model link pai ameters aie exu acted according 
to Equations (3.42) to (3.47), and are given in Table 4.7 for the Puma-560.
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Link i tti (deg) Pf (deg) Yi (deg) â i(m ) bi (m) di (m)
0 0 . 0 0 . 0 12.95 0 . 0 0 . 0 0.493
1 -90.09 -12.95 140.43 0.22G-03 0.187 -.0493
2 -0.15 -66.31 178.13 0.119 -156.710 156.709
3 90.21 106.99 -20.75 -21.596-03 0.491 -37.106-03
4 -90.28 2 0 . 1 2 -121.18 0.426-03 41.216-03 -58.166-03
5 90.23 122.36 -2 0 . 1 0 -0.256-03 60.826-03 -41.386-03
6 * 0 . 0 2 0 . 1 0 0 . 0 0 . 0 55.996-03 -60.826-03
Table 4.7. Phase 1 identified link parameters.
In Table 4.7, the [link 6] parameters denoted by * are the nominal offsets, applied 
according to the discussion in Section 3.2.1, and describe the location of the Tool 
Attachment Point (TAP) relative to the last identifiable link axis {link 5).
The [link 0] parameters for the robot are extracted from the Bq matiix (Equation 
3.48), for which the (sensor/base) relationship must be identified. Applying a least- 
squares estimation to Equation (3.52) for the robot's joint 1 and joint 2 motions, yields the 
three orthogonal rotations and tianslations defining the (sensorfbasej ti'ansfoimation, with 
residuals (in metres): R(x) = (-le-06, 56e-06, 213e-06).
Using the relations in Equation (3.5), the equivalent DH parameters can be extiacted 
from the identified S-Model parameters. Table 4.8 shows the equivalent DH parameters for 
the Puma-560.
Link i a;(deg) 8 [(deg) ai (m) di (m)
1 -90.09 0 . 0 0.226-03 -0.493
2 -0.15 74.11 0.119 156.89
3 90.21 285.12 -21.596-03 -156.74
4 -90.28 -Of% 0.4266-03 0.4331
5 90.23 0.57 -0.256-03 -0.176-03
6 * 0 . 0 0 . 0 0 . 0 55.996-03
Table 4.8. Extiacted DH kinematic pm’ameters.
The values in Table 4.8 represent the joint angles calculated at the ‘signature' 
configuration, which is a function of the constant signature offset ^ f '^ a n d  the encoder 
mounting error a.s described in Section 3.1.1. Also the [link 6] parameters
indicated by * are equivalent to the nominal DH values, from the discussion above. By 
comparing these extracted DH paiameter values with those for the nominal model (Table 
4.4) it is evident that small deviations in the link twist angle at cause lai'ge deviations in the
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remaining parameters, due to the discontinuity in this representation. It is these 
discrepancies form the nominal values that invalidate the ‘closed-form’ analytical solution 
to the inverse kinematics algorithm used for motion generation within the conti’oller. 
Consequently, even if a calibration scheme were able to identify the ‘actual’ DH 
paiameters, they could not be used directly within the contioller to improve the intrinsic 
manipulator performance.
4.2.2. Phase 2 identification____________________________________
In this Section the remaining geometiic errors that complete the kinematic description 
of the manipulator are identified using the techniques of Section 3.2.2. The particular 
parameters included within the Phase 2 identification are; the encoder mounting errors, 
which cause joint zero positioning offsets; the [link 6] transformation parameters, which 
describe the relationship between the identified (link 5} frame and the (TAP); and an 
additional [TOOL] parameter that is not compensated for by any of the [link 6] parameters, 
as described in Section 3.2.1.
Selection of the robot configurations and test points for the Phase 2 calibration 
experiments has been achieved using both observation stiategies described in Section
3.3.2. Strategy A uses a random selection of configurations for the manipulator, which will 
both achieve a large movement of the manipulators joints, as well as a good spread of TCP 
positions in cartesian space, and represents a 'global' observation strategy. Unfortunately, 
these lai'ge movements between successive configurations is likely to result in a loss of 
target tracking using the OPTOTRAC system. Consequently, re-hacking is required, 
making the measurement process essentially manual, rather than using the automatic test 
procedures available within the inshaiment. Therefore, only 21 measurement configurations 
were utilised for the Strategy A calibration. Of the 21 configurations there were 5 of each: 
LEFTY/ABOVE, RIGHTY/ABOVE, and RIGHTY/BELOW, with 6 LEFTY/BELOW 
configurations.
For Strategy B, a selection of points is taken from a 3-dimensional grid within the 
ISO test cube. A total of 63 measurement configurations were exhacted, which is a subset 
of the 125 used for the validation simulations in Section 3.3.2. Using the nominal inverse 
kinematics within BYG’s GRASP system, the corresponding joint angle sets were 
calculated for a single configuration of the manipulator (LEFTY/ABOVE) for 50 of the 63
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points. From the simulation experiments of Chapter 3, this strategy is a poorer strategy in 
terms of the likely accuracy of the identified parameters. However, during normal usage, a 
manipulator is unlikely to flip between different configurations when performing its task. 
This strategy therefore represents a 'task' observation strategy.
As a further strategy, both Strategy A and Strategy B were combined to give an total 
of 71 measurement configurations {Obs = A+B). Of these configurations, 55 are 
LEFTY/ABOVE, 5 are RIGHTY/ABOVE, 5 are RIGHTY/BELOW, and the remaining 6 
are LEFTY/BELOW. Figure 4.20 shows the Phase 2 calibration tests in operation.
Figure 4 .2 0  Phase 2  tests in operation.
To assess the accuracy of the identified forward kinematics from the Phase 2  
calibration, the remaining 13 of the 6 3  ISO cube manipulator configurations were chosen as 
validation points. Again a single configuration of the manipulator was used for the 
validation experiments (LEFTY/ABOVE).
Using the signature identified link parameters from Phase 1, and the joint angle 
command sets (precision points in VAL), the vector of unknown parameters X has been 
identified using the modified Levenburg-Marquardt algorithm to minimise the residual 
position errors R(x) = ||P obs - Pestll as described in Section 3 .2 .2 .
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For the Puma-560 manipulator, the parameter vector can contain 10 parameters: 6 
encoder mounting errors, 3 [link 6] transformation par ameters and 1 [TOOL] parameter not 
accommodated by the [link 6] offsets. To assess the improvements made by explicitly 
identifying these parameters, calibration is performed in three stages. Firstly, only the six 
encoder mounting errors are included in the parameter vector, X e 91^. This
assumes that the nominal values for the remaining four parameters are correct. Then, the 
three par ameters that comprise the variables in the [link 6] transforaration ie. %, âg, and bs 
are included in Xg Finally, the additional [TOOL] parameter, TransY is included in 
Xe9t^^. The elements of the parameter vector X are shown in Table 4.12.
XI
«encoder
X2
«encoder
X3
«encoder
X4 ^encoder
X5
«encoder
X6
^encoder
X7 ÔC6
* 8 a e .
X9 b 6
x i o T ransY
Table 4.9. Elements of the Phase 2 identification set Xe
Table 4.10 presents the results of the Phase 2 identification, with the 'initial guess' 
results corresponding to assumed encoder offsets of zero degrees, and nominal values for 
the remaining parameters. For the solution the following optimisation results are given:
• Rmax - the maximum residual error in mm,
• Ravg - the average residual in mm,
• NITS - the number of iterations,
• lexec - the execution time in minutes,
• X"- the Condition Number of the identification Jacobian.
The results in Table 4.10 represent the ‘goodness’ of fit of the Phase 2 identified 
model parameters, over and above that obtained for the Phase 1 identified link par ameters. 
To check the validity of the identified parameters, the X vectors are used within the 
forward model at the 13 verification points. These results are shown in Table 4.11. Also 
shown are the residual errors at the 13 points using the nominal DH par ameters from Table
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4.4, and the results corresponding to the Phase 1 identified link parameters only ie. without 
the optimised par ameter vector.
Obs/m Rmax RavE NITS texec K
A/21 Initial Guess 5.98 3.44 / / /
5.00 3.10 50* MAX 3:59 24
3.93 2.06 46 5:00 4.7x10?
Xe9rfO 3.93 2.06 27 3:24 1.7x10?
B/50 Initial Guess 5.55 4.09 / / /
X e9 î6 2.46 1.28 50* MAX 9:59 51
X e 9 l9 1 . 2 1 0.46 50* MAX 14:06 7.9x10?
XeSHlO 1.15 0.49 50* MAX 17:55 6.7x10?
A+B/71 Initial Guess 5.98 3.90 / / /
5.15 1.94 50* MAX 13:06 29
X e9l9 4.46 1.19 25 9:34 3.1x10?
XeiRlO 4.46 1.19 27 11:18 9.0x10?
Table 4.10. Phase 2 identification results for the Puma-560.
The ‘nominal’ accuracy of 7.27mm, from the information in Table 4.10, indicates 
that the performance is better than that achieved during the ISO test of 9.1mm (Table 4.3). 
This is due to the fact that the identified (base), from Phase 1, is utilised within the 
forward model at the 13 verification points, which is likely to be more accurate than the 
approximate one calculated in the ISO test procedure.
Obs Rmax Rave
/ Nominal DH 8.32 7.27
/ Phase 1 5.52 4.17
A 4.50 3.05
X e9l9 3.08 2.40
X e9rfb 3.08 2.40
B X e9l6 2 . 6 8 1.43
Xe%9 1 . 1 2 0.60
XeSRlO 1.06 0.62
A+B Xe91^ 2.99 1.36
Xe%9 1.74 0.78
XE%10 1.74 0.78
Table 4.11. Phase 2 verification for the Puma-560.
To indicate the improvements made by both the Phase 1 identification alone, and then 
further improvements of the Phase 2 identification, the average positioning results are 
shown gr aphically in Figure 4.21.
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Results at the verification points show significant improvements both of the Phase 1 
identification and the Phase 2 identification. By identifying the true link kinematic 
parameters according to the S-Model definition, the average positioning error is reduced 
from 7.27mm to 4.17mm. This represents an improvement of 1.7 times.
8.0
E  
1 1  II
CC
7.27
O b s = A 
(m = 21)
O b s = B 
(m = 50)
O b s = A+B 
(m = 71)
1.36
0.6 0.62
□  □
0.78 0.78
X e #  Xe9î’° Xe9î® Xe%^ Xe%^° X e #  Xe5î® X e9l’
Figure 4.21. Average positioning residuals at the 13 verification points.
Phase 2 improvements are dependent on the observation strategy and on the number 
of observations. Strategy A improvements are not significant, with an average position 
accuracy of 3.05mm achieved when only the encoder mounting errors are identified 
(Xg91^). Slight improvements are made by including the [link 6] parameters in the 
identification (Xg91^), reducing Ravg to 2.4mm. The addition of the single [TOOL] 
parameter into the identification set (Xg91^®) has no effect on increasing the accuracy 
further. The resultant improvements over of the Phase 1 accuracy are therefore an 
additional 1.7 times.
Strategy B improvements are more significant, with identified encoder mounting 
errors yielding Ravg = L43mm. Further significant reductions are made with XG 91 ,^ 
achieving Ravg = 0.60mm. Again no further improvements are made by including the 
additional [TOOL] parameter. The resultant accuracy improvements over that obtained from 
the Phase 1 identification alone are therefore approximately 7 times. This represents a total 
improvement of approximately 12 times over the nominal accuracy of the manipulator at the 
13 points, and 15 times over the average accuracy achieved during the ISO Pose Accuracy 
and Repeatability test.
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By combining the two sti'ategies, a total of 71 obseivation points are utilised for the 
identification {Obs -  A+B). Reduction in the positioning errors of approximately 3 times is 
achieved by identifying only the encoder mounting errors to Ravg = 1.36mm. With Xg 91^  
further improvements are made with the average positioning error reduced to 0.78mm. 
Again the addition of the [TOOL] parameter has no effect on reducing the positioning 
residuals further.
• Parameter redundancv
The results shown in Table 4.10 for the different observation strategies, indicate the 
wide variation in the Condition Number '/c* of the identification Jacobian, as the number of 
paiameters increases. This is a measure of the 'observability' of the parameter vector, as 
described in Section 3.3.2, with low values representing a good observability. This 
signifies that there is linear independence amongst the columns of the identification 
Jacobian. As X" increases, the columns become less linearly independent, indicating that 
certain parameters may not, individually, provide a strong contribution to reducing the 
norm of the residual vector. Furthermore, it may also indicate that a combination of two or 
more parameters may provide a similar effect on the optimisation. This 'parameter 
redundancy' can be estimated by analysing the identification Jacobian J(x), with the 
Singular’ Value Decomposition (SVD) technique (Lawson and Hanson, 1974; Klema and 
Laub, 1980).
Linear dependence amongst columns of the identification Jacobian is indicated by the 
size of the singular values O/ returned from SVD. Any <7/ that are less than a user specified 
tolerance Tcan be heated as zero, and the Jacobian is said to be rank deficient. Those 
singular vectors fi'om SVD, V/ corresponding to (7/ < r  are called the 'nullspace' vectors, 
and contain the relative contributions of the parameters to the 'nullspace' (Press et. al., 
1990). This is the subspace of the parameter vector that maps the Jacobian to zero ie. 
J(x)X = 0. Unfortunately no concrete rules exist for the selection of the zero threshold 
tolerance T, although it is widely accepted that it should reflect the uncertainty of the 
experimental data (Forsythe et. al., 1977). Here, r i s  chosen as 0.1x10'^ equivalent to a 
data uncertainty of 0.1mm. This figure is used only to assess the numerical rank from 
which linear dependence is identified and parameter redundancy assessed by viewing the 
'nullspace' vector Vi .
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For the optimisation results obtained for Obs = B in Table 4.10, the Condition 
Number takes a low value of only 51 when the parameter set contains only the encoder 
mounting enors (Xe 91^). However, as soon as the additional [link 6] and [TOOL] 
parameters are included, k increases significantly to approximately 7xloT Consequently, 
even though the residual errors are reduced by adding these extra parameters, the 
observability of the parameter values reduces considerably. This is likely to result in poor 
estimates for certain of the pai'ameters within the identification set. To identify which 
paiameters are causing this poor observability, the columns of Vi corresponding to 'small' 
singular values (o) < t )  are shown in Table 4.12 for X g  9t^^.
09  =  2 .2x10-05 Oio =  9 .4x 1 0 -0 8
V i i 0 .0 0 0 0 0 .0 0 0 0
V i2 0 .0 0 0 0 0 .0 0 0 0
V i3 0 .0 0 0 0 0 .0 0 0 0
V i4 0 .0 0 0 0 0 .0 0 0 0
V i5 0 .0 0 0 1 0 .0 0 0 0
V i6 0 .2 4 3 3 0 .9 6 9 1
V i7 0 .9 5 9 8 -0 .2 4 6 6
V i8 -0 .0001 -0 .0 0 0 4
V i9 0 .0 0 1 2 0 .0 0 0 2
V ilO 0 .1 3 9 9 0 .0 0 6 5
Table 4.12. Identifying parameter redundancy for Xg 9Î10
The elements of the vectors % indicate the relative contributions of the parameters in 
driving the model into the nullspace. For the smallest singular value (J/o = 9.4x10'®^, X6 
has the major contiibution, which works in combination with x j  in mapping X into the 
nullspace. Again with Gg = 2.2x10"®^, both X6 and are significant, with an additional 
contribution from xio^
Recalling the composition of Xg 91^ ,^ there are 6 encoder mounting errors, 3 [link 6] 
parameters, namely % , âg, and bs, and one [TOOL] pai’ameter TransY. Of these, xy 
and xio represent and TransY respectively. Consequently, it appears that
encoder , CC(5, or TransY have a significant effect on identifying the solution. Since 
9 and % , represent rotations about the orthogonal axes Z5 and X5 respectively, and
neither 9^
TransY represents a tianslation along Yg, they are not coupled. Therefore, the reason for 
the 'poor observability' of these parameters is that they have little effect on the positioning 
errors at the TCP. For the calibrated cat's eye target, the TCP lies off the X5 and Z5 axes 
by only 42mm and 83mm respectively (Table 4.2). Small changes in and ctg do
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not therefore produce noticeable changes in the TCP position. In order to increase the 
observability of these parameters, the target used for calibration should have its TCP 
located at a greater distance from the axes of the wrist joints motion as discovered by Driels 
and Pathre during their simulation experiments [1990]. Intuitively this is ti'ue of all rotation 
parameters distal from the main positioning joints of any manipulator. Those parameters 
producing the most significant TCP positioning changes aie the rotation parameters nearest 
the base of the robot. Translation parameters have a one-to-one mapping to TCP 
positioning changes, and therefore their influence is the same at any point in the 
manipulator.
To check the accuracy of the identified parameters when high Condition Numbers are 
present, the two 'nearly' redundant rotations and ôgg, can be removed from the
identification set. The results of the identification using the 50 measurement positions of 
Sti’ategy B are shown in Table 4.13 along with the residual errors at the 13 verification 
points for the identified set.
R m ax R a v e NITS L x e c K
Obs = B (m = 50) 1 . 2 0 0.47 50* MAX 11:27 64
Verification (m =13 ) 1 , 1 1 0.60 / / /
Table 4.13. Residuals after reducing the parameter set to Xe 91^ .
Comparing the results from Table 4.13 with those of Tables 4.10 and 4.11 indicates 
that no improvements are made in the resultant accuracy of the manipulator by reducing the 
parameter set. This is an inherent property of deleting variables using the Singulai* Value 
Analysis technique (Lawson and Hanson, 1974). However, the Condition Number is 
reduced significantly to only 64, indicating that all parameters in the reduced parameter set 
have a good obseiwability, and are therefore likely to be more accurate. The corresponding 
parameter vectors obtained from both the complete identification for observation shategy B 
(Xe 9t^^), and the reduced parameter set (Xe 91 )^ are shown in Table 4.14.
In Table 4.14, the parameters removed from the identification for Xe9t^ are held 
constant at their nominal values indicated by *. Significant differences are evident in 
parameters xs and with only small differences in the remaining parameters. The 
'redundant' parameters xe and xy also take values that are significantly different than their 
nominal values. In paiticular the identified value of xio, the [TOOL] TransY pai ameter, for 
the reduced parameter set of 0.288mm is very close to the nominal value of 0.255mm. The 
difference of 33[im is equivalent to approximately 4 standaid deviations for this parameter
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as indicated during the cat's eye calibration results of Table 4.2. In comparison, for the 
complete paiameter set, the error in the identified value of xio from the nominal value, is 
approximately 200 standard deviations. This confirms that the identified paiameters from 
the reduced set, with good obseiwability, is likely to be far more accurate than that when 
poor obseiwability is evident.
X e 9 l 8
«encoderXJ = 0j -0.190° -0.190°
«encoder  X2  = © 2 0 .0 2 1 ° 0.016°
«encoderX3 = 03 -0.266° -0.255°
«encoderX4 = 0 4 -0.303° -0.366°
«encoder
* 5  = 6 5 0.024° -0.073°
«encoder  
* 6  = 6 5 0 .2 1 0 ° *0 .0 0 0 °
X7  = â g -0.654° *0 .0 0 0 °
^ 8  ~  ^6 > -1.079mm -0.909mm
X9  =  bg 53.049mm 53.003mm
xio  = TransY -1.174mm 0.288mm
Table 4.14. Identified pai'ameter values for Xg 91^  ^and Xe 9t^.
4.2.3. Accuracy Limitations____________________________________
Even though the positioning accuracy of the Puma-560 has been improved 
significantly by approximately 15 times, the resultant performance is not as good as the 
robot’s repeatability, which is considered to be the upper limit on accuracy. Furthermore, 
the likely objective of performing kinematic calibration on an industiial robot would be to 
improve the accuracy in order that the manipulator can perfomi its task when programmed 
explicitly. Assuming that an accurate relationship exists between the ‘task’ or workpiece 
and the robot, and that the workpiece does not deform during the task, then the resultant 
manipulator accuracy after calibration must be at least as good as the task accuracy 
requirement. For point-to-point operation of a manipulator for tasks requiring static 
positioning performance only, such as assembly and spot welding, accuracy requirements 
aie currently in the order of ±0.1mm to ± 1.0mm, with projected requirements likely to 
halve these limits. Consequently, calibration techniques must ultimately be able to reduce 
the positioning errors of manipulators down to the levels of their current repeatabilities.
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The limitations on the effectiveness of any calibration methodology include the effects 
of unmodelled error sources and measurement errors. If all error sources in the manipulator 
ai'e included in the identification process and successfully identified, then the resultant 
accuracy would be equivalent to the measurement errors. However, unmodelled error 
sources are likely in both phases of the calibration process described in this thesis. During 
Phase 1, non-ideal joint motions, evident in joint 2 and joint 3 motions for this Puma, will 
lead to errors in the calculation of the joint motion parameters. This will in turn lead to 
errors in the calculation of the S-Model link parameters for the manipulator. By using a 
kinematic model that does not rely on pure motion, it may be possible to accommodate 
these cyclic effects which would in turn lead to a more accurate identification of the link 
parameters. A further cause of error, as discovered during the validation of the Modified S- 
Model, are measurement errors which will also effect the identification of the true link 
parameters.
Additional unmodelled sources of error are likely to be present during the Phase 2 
identification process. With the manipulator held in a single configuration, the gravitational 
loading on the joints and links will remain reasonably constant, except when the 
manipulator is moving at high speeds. As soon as the manipulator configuration is 
changed, such effects as backlash in the joints, joint compliance and link elasticity may 
become significant. This explains why the results achieved using Stiategy B are better than 
those using Strategy A, since the identified parameters for Strategy A will be optimised in 
such as way that they accommodate some of these effects. Furthermore, since validation is 
performed over points in the same region and with the same configuration as Sti’ategy B 
then all the above effects will remain reasonably constant. This further explains that when 
the two sh’ategies are combined, to give a larger number of obseiwations, the manipulator 
peifomiance is not improved.
Including analytical models of these 'non-geometric' error sources could possibly 
reduce the resultant positioning errors further, as experienced by Veitschegger and Wu 
[1987], Duelen and Schroer [1991], Chen and Chao [1987], and Judd and Knasinski 
[1990]. However, the inclusion of these expressions within the forward, and more 
importantly, the inverse kinematics equations would lead to difficulties, especially if 
calibration information were to be used for real-time control improvements via a 
compensation system, and would not be usable as part of a systematic calibration 
methodology.
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For robot testing purposes, according to ISO (ISO 9283, 1990), the accuracy of the 
insti'ument used for measuring the performance characteristics should be at least 4 times 
better than the characteristic being measured. If this same criteria is applied to robot 
calibration, then the insti’ument accuracy should be at least 4 times as good as the desired 
accuracy from the calibration process. For the projected task accuracy requirements above, 
this would require an accuracy of at least ±0.025mm in the insti’ument used for calibration. 
To date, the only instruments that are able to provide this high level of precision aie based 
on expensive interferometry techniques, which are not robust enough for robot 
measurements in the laboratoi’y and on the factory shop floor.
For this work the OPTOTRAC laser tracking instrument has been used exclusively 
(Appendix B). Although the specified accuracy of this device is ±0.06mm over a Im 
working volume, assessment of the data uncertainty during the calibration tests indicated 
that these high accuracies were not achieved. One factor affecting the attained accuracy 
during these tests was the magnitude of the working volume over which data was taken, 
exceeding a 2mx2mx2m cube. Although no specific investigations have been undertaken 
into the absolute accuracy attained during these calibration experiments, it is considered that 
data uncertainties were in the order of ±0.10 to ±0.15mm over this working range.
A further cause of inaccuracy in the identification process, dependent on the data 
obtained from the OPTOTRAC instrument, is due to the assumptions made by employing 
least squares algorithms. The least squares principal relies on having data uncertainties that 
are equally weighted and are normally distributed with zero mean. Experiments perfoimed 
on the OPTOTRAC instrument, detailed in Appendix B, demonstrated that the data 
uncertainty for a single static measurement point was not normally distributed. 
Consequently, errors may have been introduced during both phases of the identification 
process that are likely to have had a deti’imental effect on the resultant accuracy.
4.3. SUMMARY
4.3.1. Tai’get Calibration_______________________________________
The cat’s eye target is used for recording the positioning performance of an industiial 
robot during calibration experiments by measurements taken from the OPTOTRAC
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insti’ument. For this research, the goal is to identify the actual robot kinematics, and 
therefore the measured point must be accurately referred to the tool mounting flange of the 
manipulator. A methodology for calibration of the cat's eye target used by the OPTOTRAC 
instrument has been described. Tests using a Deckel CNC machine tool and a device for 
measuring the optical centre of the target were undertaken, and produced good results.
The three offsets of the target which describe the optical centre of the cat's eye from a 
point on the mounting flange were determined with variable precision. Both Yq and Zq 
were found to within a few micrometres for repeated tests. However uncertainties in the Xq 
offset were much higher. The likely causes for this high uncertainty have been discussed, 
with the most probable being that for this particular test, the RCD (retro-reflector calibration 
device) requires adjustment. Since this device is exti’emely sensitive, any adjustment is 
likely to result in discrepancies in the measurements.
The test procedures outlined in Section 4.2.3 using the RCD and the Deckel CNC 
machine were carried out manually, and although they provided good results overall, they 
were tedious and were difficult to set up. A more suitable approach to calibrating the target 
would be to use the OPTOTRAC instrument to measure the target positions on the 
calibration rig. A procedure for cat's eye target calibration could be based around the 
automatic measurement capabilities of the insti’ument. However the effects of target rotation 
on the accuracy of measurements obtained from the OPTOTRAC insti’ument have not been 
investigated, and the accuracy of measurements obtained from OPTOTRA^ was 
considered insufficient at the time of testing.
4.3.2. Calibration of a Puma-560________________________________
The techniques of robot kinematic calibration based on a two phase identification 
process have been applied to a Puma-560 six degree-of-freedom industrial robot. Prior to 
calibration the robot's positioning accuracy and repeatability were tested in accordance with 
the new international standard ISO 9283, resulting in average values of 9.1mm and 47qm 
respectively.
Phase 1 improvements, which identify the actual kinematic link parameters between 
consecutive joints, reduced the average positioning accuracy to 4.17mm, representing an 
improvement of 54%. Phase 2 improvements were dependent on the number of unknown
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parameters contained in the identification set and the type of observation strategy selected 
for measuring robot positioning. The most significant improvement being approximately 
93% over the ISO result, which was a reduction to an average positioning error of 0.6mm.
During Phase 1, individual joint motions were recorded by attaching a suitable cat’s 
eye target to the end effector, the position of which was measured with the OPTOTRAC 
instrument. Numerical procedures were then employed to find the optimal parameters 
describing the plane of rotation and centre of rotation in the least squares sense. For the 
particular robot under study the resultant residuals for the joint motions were found to be 
excessive for joints 2 and 3. The cyclic behaviour of these joints is likely to be caused by a 
non-geometric joint wobble, which causes non-pure motion of the joints. Algorithms 
defining these motions have not been included in the identification scheme, and therefore 
errors in the calculation of the joint features may have resulted.
During Phase 2, the robot was commanded via joint angles to position the calibrated 
cat’s eye target at a number of positions. By comparing the observed target positions with 
those estimated from the forward kinematics, comprising of the identified Phase 1 link 
parameters as well as additional parameters requiring identification, the optimal values for 
the ill-defined parameters were estimated. Again a least-squares estimation algorithm was 
used to solve the over-determined non-linear system. Two observation strategies were 
utilised for selecting robot configurations for the experiments. One used a variety of joint 
configurations for the Puma which were selected from a uniform random number spread 
across the range of joint motions. The other used a selection of cartesian points contained 
within the ISO test cube, for which the nominal inverse kinematics were used to generate 
the joint command angles for a single configuration of the structure.
Validation of the identified parameters for the Puma-560 was undertaken by 
commanding the robot via joint angles to a small number of points not utilised during the 
identification process but contained within the ISO cube. By passing these joint sets 
through the ‘accurate’ identified forward kinematics, the target positioning was compared 
with the measured positioning from the OPTOTRAC instrument to yield the resultant 
accuracy from the calibrated robot. The variation in the results from the two obsei*vation 
strategies indicated that non-geometiic effects may also have been present during this phase 
of calibration. In this case, these effects are likely to have been attributable to link and joint 
compliance for which algorithms have not been included in the calibration.
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The significance of the observation strategy and the type of parameters in the 
identification set during Phase 2 has been highlighted by studying the resultant parameter 
values. By analysing the identification Jacobian using the powerful Singular Value 
Decomposition technique it was shown how pai'ameter redundancies could be identified. 
These redundancies can occur due to a data set that does not sufficiently excite the model 
parameters, or simply because of coupling between parameters. An effective method of 
assessing and overcoming parameter redundancy was described, yielding a more accurate 
estimation of the ‘true’ geometry of the manipulator. Identification of these ‘true’ parameter 
values becomes particularly significant if the calibration procedure is used to update a 
model used for manipulator control purposes, or if it is used as part of a robot diagnostics 
procedure for studying particular sources of error.
In order to utilise the results of the kinematic calibration methodology developed in 
this thesis, manipulator inaccuracies must be compensated. Perhaps the easiest way of 
achieving this is to compensate for the discrepancies between the 'nominal' kinematics of 
the manipulator used within the off-line programming system (and the robot controller), 
and the 'actual' kinematics, via an off-line compensation scheme. Such a scheme was 
described in Section 2.2,4. Essentially, by passing the desired locations through the 
inverse kinematics representing the 'actual' manipulator, and then back through the forward 
kinematics of the 'nominal' robot, a set of 'dummy' command locations can be generated. 
When these are processed through the 'nominal' inverse kinematics within the robot 
conti'oller, the manipulator achieves the desired location. Although this scheme does have 
its disadvantages, it does provide a convenient and effective method of compensating robot 
inaccuracies. Furthennore this type of scheme should be easy to implement within existing 
off-line programming systems.
More sophisticated inaccuracy compensation schemes could also be developed using 
the information from the kinematic calibration methodology. By performing on-line 
compensation either within a workcell controller, or within a special controller based 
compensator, all locations supplied to the robot can be modified, either defined relative to 
the robot's base axes system, or relative to some other axis system. Such a scheme could 
be based on a PC platform, with the major requirement being that of speed, since the 
inverse kinematics of the 'actual' manipulator would need to be performed in real-time. 
Even though few numerical schemes for the inverse kinematics problem possess fast 
inversion, to date these have not been based on models suitable for kinematic calibration.
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Due to time limitations, the new calibration scheme has only considered revolute 
joints, and has not accommodated prismatic ones. Since these joints are common in certain 
types of manipulators such as cartesian, cylindr ical and scara configurations, then a method 
of identifying their features and including their definition in the overall modelling scheme is 
necessary, and requires further investigation.
Non-geometric errors have been highlighted in this work for the tests performed on 
an early Puma-560 (1980/81), although a model describing these effects has not been 
proposed. Newer devices, and those utilising more sophisticated driving mechanisms than 
the traditional geared systems, may not possess such effects. However, of those 
manipulators in use, it is likely that non-geometric sources of error due to gear run-out, 
joint and link compliance, and backlash will contribute in some way to the overall 
positioning inaccuracy of the device. Consequently, generalised models of these various 
effects for particular robot types are necessary in order that they can be treated 
systematically within a calibration methodology.
A further necessary addition to this kinematic calibration methodology is to include 
models allowing closed-linkage mechanisms to be calibrated. Closed-linkage mechanisms 
possess one major difference over their serial chain counterparts in terms of the kinematic 
model representing them. It is that each link can possess more than a single joint. 
Consequently, kinematic models representing these devices require special attributes not 
provided by a majority of the available kinematic representations. Furthemiore, kinematic 
calibration of this class of manipulators requires special considerations that are just 
beginning to receive their deserved attention. In a similar way that the calibration 
methodology developed in this thesis addresses serial-link mechanisms, a generalized 
methodology for calibrating closed-linkage mechanisms is required.
One immediate usage of the identification algorithms developed within this thesis is to 
incorporate them within a special calibration menu of an off-line programming system. For 
a particular robot type and with knowledge of the data available from instrumentation for 
robot measurements, both robot control programs and the necessary test locations 
according to some observation strategy could be generated and down-loaded to the robot 
for execution. With the off-line programming system connected to the measuring 
instrument, data obtained during the calibration tests could be utilised directly within the 
calibration algorithms to provide the complete kinematic model of the device.
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In addition to the above topics, developments in instrumentation for robot testing are 
required that can provide complete pose data to higher precision than that presently 
obtained. To reduce robot inaccuracies to the level of their repeatabilities, the instrument, 
according to ISO 9283, must at least be able to measure the movements of the robot to a 
precision that is four times better than this value. Presently, only veiy expensive and very 
sensitive instrumentation is able to provide such high precision, and therefore more robust, 
low cost instrumentation is required.
Current activities in standardisation in the manufacturing industry, particularly in the 
field of CAD data exchange and robotics, indicate that this work in robot kinematic 
calibration could have a significant contribution to new standards in robot modelling for 
both off-line programming and control purposes. In particular the following areas of 
standardisation would enhance industrial understanding of calibration and enable it to be 
used more effectively:
• Development of a standard temiinology for kinematic calibration,
• Development of a standard for robot mounting surfaces providing 
calibration features for identification of the robot’s base axis,
• Development of a standard kinematic model for use in off-line 
programming systems, and within robot controllers.
In a similar way that a standard terminology for robot testing has been developed by 
ISO to ensure a global understanding of the vocabulary used (ISO/TR 8373, 1988), a 
standard terminology for calibration is required. Differences between localisation and 
calibration, and between just measuring robot performance and actually improving it 
through calibration techniques, all contribute to the lack of industrial understanding of this 
important field.
A further area requiring standardisation is the specification of robot mounting 
surfaces, providing precision calibration features from which the base axis of the robot is 
precisely defined. Currently ISO has concentrated on the other end of the manipulator, the 
tool mounting flange, in order to standardise the mechanical interface enabling 
exchangeability of tools (ISO 9409-1, 1988). By providing standardised mountings for 
robots, perhaps classified into different groups depending on size, not only will this avoid 
the ‘swiss cheese’ effects found in robot testing laboratories, but it will also enable a
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convenient method for identifying the relationship between the measuring device and the 
robot’s base axis, which is essential for calibration.
At the close of writing, recent developments have been made in the area of CAD data 
exchange between design systems and robot planning systems (OLP) by ISO. Currently 
the draft standard ISO CD 10303-105 (1991) describes a standard kinematic data 
representation for robotic mechanisms in order that a consistent representation is contained 
both within design systems and robot planning systems. The proposed kinematic 
representation is that of Sheth and Uicker (1971) and has been named the SU-model. This 
represents a major development in the field of robot modelling, from which the natural 
extension is to include this standai’d representation, if suitable, within kinematic calibration 
schemes and robot controllers. The implication of this is that kinematic calibration 
methodologies, similar to the one described in this thesis, could provide ‘actual’ kinematic 
parameter values in some standard form, enabling both the off-line programming system to 
be updated, and more importantly, the robot controller itself. The criteria for selection of 
the SU-model has not included calibration or real-time control considerations, and therefore 
an alternative ‘standard’ kinematic representation such as the modified S-model proposed 
here, may be required.
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5. A FURTHER IMPROVEMENT TO OFF-LINE PROGRAMMING
5.1. INTRODUCTION
Although improved manipulator performance in terms of its absolute positioning 
accuracy is essential for off-line programming (OLP) procedures to be effective, there are 
additional tools required to enhance off-line programming systems as described in Chapter 
1. To assist the workcell designer in laying out the entities within the cell for 'optimal' 
performance, a criberia of configuration dependant performance or manipulating ability is 
required.
During task planning and workcell layout, the workcell designer requires tools that 
relate the computer model generated behaviour of the robot mechanism to the characteristics 
of the real system. Programming procedures use explicitly defined paths and locations for 
manipulator motion which, at some stage, have to be transformed into actuator signals to 
di'ive the robot. In many cases, this mapping between the task space and the actuator or 
joint space of the robot can lead to difficulties in the real mechanism that are not reflected in 
the OLP system, due to inaccurate inverse kinematics and trajectory generation algorithms 
(Craig, 1987). The behaviour of the mechanism in the vicinity of singular points, where 
two or more joints become aligned thus reducing the number of effective degiees of 
freedom, may be erratic due to uncontrollable joint motions, since standard control 
algorithms are not robust to their effects (Nakamura and Hanafusa, 1986). Furthermore, 
since high actuator torques and speeds may be evident at these points (Dailly, 1986), a 
method of avoiding them is necessary. These singular points and their corresponding 
singular configurations are common for most manipulator types as described by Gorla 
[1981] and Waldron et. al. [1984]. Additionally, since manipulator control is generally 
earned out by position feedback from joint commands which are primarily revolute in 
nature, then the resolution of tool point motions will vary as the manipulator moves within 
its working volume. This variation not only effects the position controllability of the
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manipulator but also the ability of the structure to withstand an applied force. This will 
therefore effect the ‘manipulability’ of the mechanism, which should be given consideration 
when laying out a task within an off-line programming system.
One of the major advances in overcoming the problems associated with singular 
configurations has been to build manipulators with one or more redundant joints. These 
kinematically redundant manipulators, are then able to be controlled by optimising some 
peifomiance criteria which avoids singular configurations of the manipulator. A variety of 
conti'ol strategies have been presented for controlling redundancy, both in terms of the 
avoidance of singular configurations and through the use of other criteria such as the 
minimisation of cycle time and reduction in the actuator torques (Dubey and Luh, 1986). 
These criteria have also been applied to controlling dual arm or bi-ami manipulators which 
allow gieater flexibility in object handling (Lee, 1989).
A majority of the proposed criteria are based upon analysis of the manipulator 
Jacobian matrix, which relates motions of the joints to motions of the end effector. Perhaps 
the most widely known of these criteria is the Condition Number which indicates the 
degree of ill-conditioning of the Jacobian matrix, and can be interpreted as a measure of the 
nearness to a singularity (Forsythe et. al., 1977; Strang, 1980). Examination of the 
Jacobian's Condition Number yields that it is simply a characteristic of a geometrical 
ellipsoid that maps joint velocities onto achievable cai’tesian velocities at the end effector, as 
well as describing the position and stiffness characteristics of the structure. This ellipsoid 
has been called the manipulability ellipsoid (Yoshikawa, 1984). Here, the Condition 
Number represents the range of achievable cartesian velocities at the end effector, for a 
given set of available joint velocities.
Use of the Condition Number as an indicator of manipulability for control purposes 
has been widespread. Salisbury and Craig (1982) used the Condition Number of the 
tianspose of the Jacobian matrix, which relates joint torques to end effector forces, as a 
measure of error propagation. They select the ‘best’ conditioning for a multi-fingered hand 
when their Condition Number is 1, which is known as an isotropic point. At such points, 
error propagation from input torques to output forces is minimised, thus increasing the 
force application accuracy. This criteria also applies in the velocity domain, since at 
isotropic points error propagation from joint velocities to end effector velocities is 
minimised (Togai, 1985). Although such isotropic points may not exist for a given
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manipulator design, minimising the Condition Number can provide points in the workspace 
that utilise optimal configurations of the manipulator.
The concept of the manipulability measure has been extended to analyse the task 
compatibility of a manipulator. By defining a ‘task ellipsoid’, in which the principal axes 
are given by the force requirements of the task, it is possible to optimise the configuration 
of the manipulator such that a measure of manipulability is maximised over the task (Li and 
Sastry, 1987). However, Chiu [1987] showed that merely aligning the axes of the 
manipulability ellipsoid with the task ellipsoid is not an effective criterion for compatibility, 
since this may not yield optimal performance. Other attempts at quantifying the task 
performance have included a geometrical measure of similarity between deshed and actual 
manipulability ellipsoids for dual arm devices (Lee, 1989), and a measure of ‘dexterity’ 
specifically for assembly tasks, which is a function of the task physics rather than the 
manipulability of the robot mechanism (Sturges, 1990).
The above criteria are based solely on the manipulator kinematics and provide good 
indicators of static characteristics such as optimal postures and optimal working positions. 
However, since a majority have been proposed for control purposes, where dynamic 
effects are a significant factor on the path following perfomiance if high speed and high 
load conditions are in effect, then dynamics should also be accounted for (Kosuge and 
Furuta, 1985). Various dynamic manipulability criteria have been developed including 
Asada’s Generalised Inertia Ellipsoid (GIE) [1983], a geometric representation of the 
inertia tensor, and Yoshikawa’s dynamic manipulability ellipsoid [1985]. This is analogous 
to the manipulability ellipsoid, but describes the set of all realisable arm tip accelerations 
rather than velocities.
Little emphasis has been given to the usefulness of a measure of manipulability within 
an off-line programming environment, where tasks are planned and workcells arranged. At 
the time of writing, the only known commercial implementation of such a measure is within 
SILMA’s CimStation (Silma, 1990). This uses a graphical representation of the 
manipulability ellipsoid generated for TCP positioning only, which can be examined at 
specific points along the manipulators trajectory, as well as being used for automatic 
placement of the manipulator to avoid singularities. Nelson and Donath [1990] used a 
similar technique of automatic placement of the task, to maximise the manipulability for 
assembly operations. Their measure of manipulability corresponds to the detemiinant of the 
Jacobian. Alternative implementations within research systems have included maps of the
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Condition Number over the workpiece, where the location of the workpiece relative to the 
manipulator is optimised such that the Condition Numbers across its surface aie minimised 
(Stobart and Dailly, 1987). Uchiyama et. ah [1984] used 2D slices within the workspace 
on which to display variations in the determinant of the Jacobian by a colour gi*aphics 
display. A similar technique was adopted for displaying the Condition Number variations 
within the workspace of a bi-tUTn manipulator by Buckingham et. al. [1991].
In summary, the various performance criteria proposed have been described in 
relation to manipulator ami design and control to give such infomiation as optimal postures 
and working positions, closeness to a singular or degenerate configuration, and force 
capabilities of the manipulator structure. Few address task compatibility, and the criteria are 
demonstrated only through computer simulation for simple two and three link mechanisms. 
The problems associated with more general structures, and more importantly experimental 
validation of these measures, have not been considered (Nelson and Donath, 1990). In this 
work a new performance criteria, the Condition Vector is developed, which provides the 
workcell designer with a tool for use in an off-line simulation environment, for workcell 
layouts and task planning. Experimental validation of the Condition Vector has been 
undertaken by studying two forms of manipulator performance, positioning repeatability 
and overshoot. Two manipulators have been utilised for the experiments, an Adept-One 4- 
dof scara type manipulator, and a Puma-560 6-dof robot. Measurements of TCP 
positioning were taken with a prototype version of the OPTOTRAC instrument, known as 
the Markll system.
5.2. MATHEMATICAL BACKGROUND
5.2.1. Manipulability Ellipsoids_________________________________
For an m degree of freedom manipulator having N independent joints, manipulator 
forward kinematics relate the cartesian position and orientation Xe of the end effector 
to the joint angles 0g 9^^ by the following equation
X  =  f ( 6 )  ( 5 . 1 )
Differentiation of (5.1) with respect to time yields the relationship between the vector 
of ctutesian velocities X and the vector of joint rates 8 as:
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X = J ( 0 ) é  (5 .2 )
where J ( 8 ) e 9 l^ ^  is known as the manipulator Jacobian. In moving the manipulator with 
a desired velocity along a cartesian path, the necessary joint rates are given by inverting 
(5 .2 ) :
0 =  J ‘ * X  (5 .3 )
During motion of the manipulator structure the configuration may be such that the 
inverse of the Jacobian does not exist. Such points are known as singular points and occur 
when two or more joint axes become aligned causing one or more degrees of freedom to be 
lost. At a singular point the Jacobian is not of full rank, implying that its columns (number 
of degrees of freedom) are no longer linearly independent (rank(J)<m). There then exists at 
least one direction in which the end effector cannot be moved no matter what the values of 
the joint rates.
Equation (5.2) can be interpreted geometrically as an V-dimensional ellipsoid 
embedded in an m-dimensional space. Yoshikawa [1984] showed that for this system of 
equations, the Jacobian J  maps the unit sphere containing the set of joint velocities 8 , 
under the constraint that the norm of the vector is unity, onto the set of all realisable 
cartesian velocities X. Since II0II = (8^8 )®*^  < 1, where
e '^ 9  = ( J - ^ X ) ' ^ ( J - 'X )  (5 .4 )
and (J  ■ ') =  (J  ) , then Equation (5 .4 ) reduces to the matrix equation of an ellipsoid
V ( j j ' ^ ) - ' X <  1. (5 .5 )
Yoshikawa defined this as the manipulability ellipsoid, however since it is specific to 
velocity characteristics, a more correct name has been assigned to it by Chiu [1988], the 
velocity ellipsoid. Kokkinis and Paden (1989) identified that the ellipsoid assumption is 
based on a unit sphere constraint on the magnitudes of the joint torques and speeds, and 
does not therefore represent the ti'ue torque-speed relationships. Their analysis yielded 
polytopes, which were thought to be a more realistic indicator of force-velocity 
characteristics at the end effector, especially for dual arm manipulators. However, for 
single arm manipulators they considered the differences between the polytopes and the 
ellipsoids to be minor.
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The Singulai  ^Value Decomposition
Decomposition of the Jacobian using the Singular Value Decomposition (SYD) 
technique (Klema and Laub, 1980; and Strang, 1980) yields:
with: Ue an orthogonal matrix - the left singular vector 
V^e 9 1 ^ ^  an orthogonal matiix - the right singuhu' vector 
Ze 91^^^  ^a diagonal matiix of singular values
(5.6)
direction of minim um  
a tta in ab le  velocity Ov^ir direction of m axim um  
a tta in ab le  velocity Oy,,
Velocity
Ellipsoid
Figure 5.1. Velocity Ellipsoid for a 2 link planar mechanism.
The lengths of the axes of this ellipsoid correspond to the singular values o’/ , o f  
Z, with extreme singular values c>v,max and representing the maximum and
minimum realisable end effector cartesian velocities respectively, as illustrated in Figure 5.1 
for a simple planar mechanism. These singular values are equivalent to the positive square 
roots of the eigenvalues of J ^ J .  The directions of these axes are given by the 
corresponding columns of the left singulai' vector U, the matrix of direction cosines, which 
are equivalent to the eigenvectors of J^J. An important feature of this decomposition is its 
ability to analyse a degenerate condition. Consider the form of the diagonal matrix Z for a 
manipulator without redundancy (m=N):
Z =
Gl
'm
G 91 m xm
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with <7i> 0‘2>. . . for a non-degenerate manipulator configuration. As the
manipulator approaches a singular configuration, the smallest singular value nears zero 
until the manipulator becomes degenerate, when its value drops below some threshold 
value. The degree of degeneracy is then given by the rank of the Jacobian (rank(J)), which 
is equivalent to the number of non-zero singular values of Z. The columns of U, 
corresponding to the zero singular values in this degenerate state, represent the directions in 
which the manipulator is unable to move, no matter what the values of the joint rates.
This technique has also been shown by Chiu [1988] to be useful for studying the 
eiTor amplification i.e. given a small error in joint velocities A0, the corresponding error in 
cartesian velocity AX, would be given by:
AX = J(0)A0 (5.7)
which is again described by the velocity ellipsoid (Equation 5.5). Hence along the direction 
of Gv,max^  eiTor amplification would be greatest indicating a poor sensitivity to velocity and 
positional controllability in this direction. Furthemiore, along the direction of (Jv,/«/«, error 
amplification would be minimum and therefore good sensitivity to velocity and positional 
controllability would be achieved in this direction. Togai [1985] referred to this 
phenomenon as the kinematic sensitivity of the manipulator stmcture.
The Jacobian matrix also has an important role to play in the behaviour of a 
mechanism under an applied end effector load. Assuming that the joint mechanisms are 
frictionless, then the vector of joint torques tg required to maintain an end-point force 
Fg 9 ’^^  are given by:
% = (5.8)
with J^G the transpose of the manipulator Jacobian. Analogous to the discussion of 
the velocity relationships, here the ti*anspose of the Jacobian maps the set of available 
joint torques t ,  under the constraint that the norm of the vector is unity, onto the set of all 
realisable cartesian forces at the end effector F, fonning the force ellipsoid, which satisfies:
f ' ^ ( J J T ) F  <  1 ( 5 . 9 )
In the force domain, application of SVD yields that the principal axes of the force 
ellipsoid have magnitudes equal to the extreme singular values of the diagonal matrix Z, 
corresponding to the maximum/minimum achievable cartesian forces for a given set of 
normalised joint torques, and are the positive square roots of the eigenvalues of JJ^.
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As with velocities, the force ellipsoid describes both the achievable cartesian forces 
and the force sensitivity or resolution at the end effector. Along the direction of maximum 
achievable force force amplification from joint space to cartesian space is gieatest
indicating low sensitivity to an applied force (i.e maximum stiffness), whereas along the 
direction of minimum achievable force Gfjnim force amplification is minimum indicating 
high force sensitivity (i.e minimum stiffness).
Examining Equations (5.5) and (5.9) indicates that the velocity and force ellipsoids 
are inversely related to each other, which has been called the duality of force and velocity 
(Chiu, 1988). The axes of the force and velocity ellipsoids align although they are inversely 
related, i.e. Gv,max coincides with Gpnin, indicating that for a particular configuration of 
the manipulator structure, the direction of maximum attainable velocity is also the dkection 
of minimum stiffness. Furthermore, the lengths of the principal axis are also inversely 
related i.e. the length of Gv,max being equal to the reciprocal of A trade-off therefore 
exists between the ability to effect a velocity or force and its controllability, since the 
maximum force/velocity can be achieved in the direction where its resolution or 
controllability is minimum and vice versa.
5.2.2. The Condition Number__________________________________
For a linear system of equations Ax = b, the Condition Number /cis a measure of the 
magnitude of the relative errors in the elements within the system. By assuming small 
changes in the right hand side Ab, and corresponding changes in the solution vector Ax, 
the relative errors satisfy
llAxil ^ IIAbll
1x1 llbll (5.10)
with 11.11 indicating the norm (Strang, 1980; Forsythe et. al., 1977). By minimising the 
Condition Number, the relative errors in the solution vector x ai'e minimised. Furthermore, 
since the singular values o/ from SVD are the squares of the eigenvalues of A^A, a more 
convenient definition of the Condition Number is
^min (5.11)
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The extreme singular values G^ax and Gf^ jin are the lengths of the major and minor 
axes of the ellipsoid which maps the vector x under the constraint that its norm is unity. 
Therefore, the Condition Number represents the ‘eccentiicity’ of the ellipsoid, which, in 
the case of the manipulator velocities (Eq. 5.2), gives a measure of the range of achievable 
velocities of the end effector for a particular configuration of the manipulator stmcture.
The Condition Number varies from 1 at an isotropic point, where the ellipsoid 
becomes a sphere, with the same properties of force and velocity are exhibited in all 
directions, to infinity, at which point Gf i^n becomes zero, and a degree of freedom is lost. 
A more usable quantity was suggested by Dailly [1986], which is the reciprocal of the 
Condition Number, vaiying from zero at a singular point to 1 at an isotropic point, which 
can be interpreted as the nearness of the Jacobian to being singular.
Chiu [1988] argued that the Condition Number is not a useful measure for assessing 
task compatibility, since it is only a measure of ‘relative’ errors in orthogonal directions, 
and does not yield absolute information in the task direction. The Condition Number has 
been compared with other measures of manipulability by Klein and Blaho [1987]; the 
determinant of the Jacobian which approaches zero as the manipulator nears a singularity 
and has the advantage that for some simple structures it can be expressed analytically; the 
minimum singular value of the Jacobian, which indicates the maximum scaling of the joint 
motions in cartesian space in all directions; and the joint range availability that describes the 
"evenness" of a joint angle distribution, thus minimising the possibility that a joint will 
reach a stop.
A further major disadvantage of the Condition Number, or its inverse, is that it is a 
scalar quantity, only giving infomiation on positional characteristics within the manipulator 
workspace. However, previous tests on robot performance have shown the direction of 
approach to points within the workspace to have a significant effect (Dailly, 1986; Jiang et. 
al., 1989). Therefore, a measure that has information about the directional properties of 
either manipulator movements or force applicability would be more useful. Additionally, 
since one of the objectives of this thesis is to develop a criteria that is suitable for use in an 
off-line programming environment, a new peifomiance criteria is required that can be more 
easily represented geometrically. Previous representations such as Buckingham et. al.’s 
‘thennal’ type colour maps of the Condition Number can only be used for 2D visualisation 
(1991), and representing the complete manipulability ellipsoid would be difficult to 
interpret.
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5.2.3. The Condition Vector
The Condition Vector has been developed specifically for use as a tool within an off­
line programming system since it is easily represented geometrically. It is defined as:
the vector attached to the end effector, that has a direction the same as 
the maximum stiffness direction o f the manipulator ellipsoid, and a 
magnitude proportional to the normalised length o f the major principal 
axis o f the manipulator ellipsoid in the force domain.
which in mathematical tenus is:
^ y —(If,maxff,max^ (5.12)
with Ufjnax the direction cosine from U corresponding to <Jf,max'
By normalising the vector we ensure that its value varies between 0 and 1 with the 
higher values representing stiffer configurations as illustrated in Figure 5.2.
| 1 C V | | « 1 . 0
Figure 5.2. Variation of the Condition Vector for a simple 2 link mechanism.
Representation of the Condition Vector within an off-line programming system could 
take the form of a single vector travelling around on the wrist axis of the manipulator, 
indicating the maximum stiffness direction of the robot arm (Figure 5.3). A workcell 
designer would then be able to layout various tasks for the manipulator based on their
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relative significance in terms of both velocity and force controllability. For example tasks 
requiring high accuracy movements should be undertaken with a high magnitude of the 
Condition Vector, indicating a 'stiff configuration and task direction. When the 
manipulator is moving between tasks, with high speed relatively low accuracy movements 
required to decrease cycle time, a small Condition Vector direction should be utilised.
Condition
V ector
Force
Ellipsoid
Figure 5.3. Possible representation of the Condition Vector within an OLP system.
Since the Condition Vector only enables a 2D visualisation of the manipulability 
measure, for general applicability it would need to be complemented by some additional 
infomiation if 3D visualisation is required. Furthermore, the direction of minimum stiffness 
and maximum velocity is orthogonal to the Condition Vector direction, and should be 
available to the user if desired. In such cases, a wire frame representation of the complete 
force ellipsoid could be displayed, which would not require excessive computation since 
the kinematic infomiation is directly available.
5.2.4. Manipulability Analysis for 6-dof pose______________________
In general manipulator structures can be split into two sub-structures, the regional 
structure and the wrist. The regional structure consists of the main positioning elements of 
the robot and therefore detemiines such features as the size of the working volume, and the 
maximum load carrying capacity, as well as dynamic effects such as the maximum speed 
and acceleration. The wrist mechanism consists of the final rotation elements of the robot 
and is therefore used to orientate the tool or mechanical interface with its task. 
Consequently manipulators that are required to arbitrarily locate an entity require at least six 
degrees of freedom (dof), which must be supplied by at least six independent joints.
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For 6-dof manipulators the Jacobian is square and is of dimension 6x6. Application 
of the SVD technique as in the previous section would yield a 6 dimensional ellipsoid 
containing both positional and orientation characteristics of the structural configuration of 
the manipulator. Interpretation of the 6 singular values would be very difficult if not 
impossible. A better solution is to split the problem into two parts.
The Jacobian for the complete 6-dof manipulator is given by the differential of the 
cartesian position and orientation vectors of the end effector with respect to the 6 joints of 
the manipulator i.e.
8p
88
L50J
3px 3px 
9qi 8% aqsi
8 p y  3 p y  8 p y |
8qi 8q2 3q3| 
3pz 3Pz 3Pz 
3qi 3qa
38,
3Px
3q6
ISx 38, 38,
3qi 3q4 3qs 3q&
I 38y 38 y 38 y 
I3 q 4  3qs 3qo
,3 q 4  3qs 3q& (5.13)
where p = (Px,Py,Pz)^ is the cartesian position vector of the end effector in base 
coordinates, and (j) = (8x,6y,8z)^ is the orientation vector of the end effector in base 
coordinates.
The 6x6 Jacobian in Equation (5.13) can be decomposed into two parts. Firstly the 
upper 3x3 sub-Jacobian (elements J 6(l»l) through J6(3,3)) describing the motion of the 
wrist joint (assuming that joints 4, 5 and 6 intersect to form the wrist), to the motion of the 
main positioning joints of the manipulator. Secondly the lower right 3x3 sub-Jacobian 
(elements Jô(4,4) through J 6(6,6)) describing the effect of the wrist joints on the change in 
orientation of the end effector.
Decomposition of these sub-Jacobian’s using the SVD technique yields two 
ellipsoids, one for the position of the regional structure, and one for the orientation of the 
wrist, as shown in Figure 5.4.
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Ellipsoid for o rien tation
w rist a sse m b ly
Ellipsoid for position
reg ional s tru c tu re  of 
robot
Figure 5.4. Ellipsoids for position and orientation.
From the previous discussion, the ellipsoid based on positioning indicates not only 
the direction of best positional and velocity resolution but also the structural stiffness from 
the analysis in the force domain. The ellipsoid based on orientation characteristics, does not 
indicate the structural rigidity since in most cases the wrist joint axes are coincident, but it 
does indicate axes around which the wrist mechanism will have its best controllability in 
terms of the orientational resolution at the end effector.
It is envisaged that the ellipsoid based on positioning could be used for the more 
fundamental purpose of manipulator placement in order that task criteria are met, i.e. low 
stiffness configuration for fast inaccurate movements, high stiffness configuration for high 
precision force control applications. The ellipsoid based on orientation could then be used 
to identify wrist configurations that are near to being singular so that the problems 
associated with degeneracy can be avoided, since wrist singularities are a common problem 
(Waldron et. al., 1984). It could also be used for gripping tasks involving one or more 
robots.
5.3. METHODOLOGY AND VALIDATION EXPERIMENTS
Attempts at validating the Condition Vector have concenti*ated on two aspects of robot 
positioning peifomiance, repeatability and overshoot. Positioning repeatability tests have 
been used to study the magnitudes of the repeatability attained for an Adept-One 4-dof scai’a 
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type manipulator approaching various test points with differing manipulability 
chai'acteristics. Measurements of the robot end effector positioning were undertaken with a 
prototype version of the OPTOTRAC laser tracking instrument, known as the Mark II 
system. Preliminary tests on the Mark II instrument demonstrated accuracy and 
repeatability figures in the order of ±0.25mm and +0.07mm respectively, over a 
Im xlm xlm  working range. The ISO repeatability tests aie described in Section 5.3.1.
Additional tests were undertaken on a Puma-560 6-dof industrial robot, in which the 
magnitudes of positioning overshoot, and the attained velocity along a vai'iety of approach 
paths to certain test points were compared with a measure of manipulability. These tests are 
described in Section 5.3.2.
5.3.1. ISO repeatability tests________________ __ ________________
Methodologv
Initial attempts at validating the Condition Vector were based on tests of the 
manipulators repeatability. Section 5.2 described how the velocity and force ellipsoids 
provide inforaiation on both the dkections of the maximum achievable velocities and forces 
and also on the directions of their best controllability or resolution. The variation in 
repeatability of the robot at a particular point in its workspace, was expected to correspond 
with the variation in a measure of manipulability calculated from the velocity ellipsoid.
Repeatability tests were carried out on an Adept-One 4-dof scara manipulator with 3 
revolute joints and 1 prismatic joint (RRPR) (Curran and Mayer, 1985). The device has the 
following manufacturers quoted peifoimance:
“Accuracy (ability to position to a point programmed off-line): +/- 0.127mm”, 
“Repeatability (ability to return to taught point): +/- 0.051mm”.
The tests were carried out in accordance with the ISO 9283 procedures for pose 
accuracy and repeatability (1990, §7.2). Five test points were chosen that lie on one of the 
four planes of the test cube. For scara type manipulators with restricted motion in one axes 
of motion, the cube is replaced by a rectangular parallelepiped. The test points for the 
Adept-One robot are shown in Figure 5.5.
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Figure 5.5. ISO test points for the Adept-One manipulator.
The test path consists of driving the robot to all five poses following the direction P5 
P4 P3 —> P2 ^  PI and so on, for a minimum of 30 cycles. At each pose a 
measurement of the end effector cartesian position is taken. For each command position of 
the robot, the 3x3 Jacobian for position only is generated. This is decomposed using SVD 
(Eq. 5.6), with the direction cosine corresponding to the maximum singular value <Jv,max^  
given from U, Uyjnax-
By examining the 3D approach path directions at each test position, a quantitative 
measure of the manipulability based on the ellipsoids can be calculated. Using a similar 
notation to Sampei and Furuta [19871 for their dynamic manipulability dm (e;0,0), the 
manipulability index m(e;0) is defined. This is the length of the axis of the ellipsoid, which 
is parallel to the unit vector e in cartesian coordinates, passing through the centre of the 
ellipsoid, as shown in Figure 5.6.
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Figure 5.6. Manipulability definition for a 2-dof ellipsoid.
To find the manipulability index m(e;9) the ellipsoid equation for a general point Q 
on the ellipsoid surface must be solved:
2 2 2
(5.14)
where Xe, Je, and Zg are the coordinates of the point Q in the ellipsoid coordinate ft'ame. If 
the unit vector e is known in the ellipsoid frame by (l,m ,np , then any point along the 
vector can be given by Ml,m,nŸ :
'  r
= X m
n (5.15)
Solving Equations (5.14) and (5.15) gives the scalar X which corresponds to the 
manipulability index m(e;0 ).
By comparing the magnitude of the manipulability index m(e; 8 ) at the five test points 
and the corresponding magnitude of positioning repeatability, it was expected that some 
correlation could be identified, with higher m(e;0 ) corresponding to higher repeatabilities.
Validation results
The repeatability test consisted of sending the Adept to the 5 ISO test points at 50% of 
its maximum speed for the recommended 30 cycles. The coordinates referred to the robot’s 
(basejfrmio for the five ISO test points are shown in Table 5.1.
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Test Point X Y Z
PI 537.25 0 . 0 0 676.86
P2 325.39 -2 1 1 . 8 6 604.36
P3 325.39 2 1 1 . 8 6 604.36
P4 749.11 2 1 1 . 8 6 749.36
P5 749.11 -2 1 1 . 8 6 749.36
Table 5.1. Cartesian coordinates of the ISO test points for the Adept-One (in mm).
With the arm in a RIGHTY configuration, the joint angles corresponding to the 5 test 
points were exti*acted from the GRASP OLP system (Young and Bennaton, 1988). The 
3x3 Jacobian for all five positions was then generated and decomposed using SVD.
Using the Denavit-Hartenburg convention for kinematic modelling purposes, the 
forward kinematics of the Adept-One manipulator for end effector positioning only are 
(Goel, 1988):
Px = a2Cos( 0] + O2) + ajcosO]
Py -  a2sin(0j  + O2) + cijsinOj
P z — di + d.2 - d.3 (5.16)
with the nominal DH parameters for the Adept-One shown in Table 5.2.
Link i 0 1  (deg) aj(deg) ai (m) dj (m)
1 6 1 0 0.425 1.057
2 0 2 180 0.375 -0.177
3 0 0 0 d3
4 04 0 0 0
Table 5.2. Nominal DH kinematic parameters for the Adept-One manipulator.
The Jacobian based on position only is then calculated as the first derivative of end 
effector position with regaid to the controllable parameters i.e.
9px 3Px 3Px 
301 302 3(13
3py 3py 3py
301 302 3d3 
3pz 3pz 3pz 
301 302 3d3 (5.17)
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After substituting the nominal DH parameters, Equation (5.17) reduces to
J  =
~^2^ 12 0 -Py -^2^12 0
a2C]2 + ^lCj (^2^12 0 = P x ^2^12 0
0  0 -7 0 0 -1
(5 H 8 )
with SI and c;, representing sinO] and cosdj respectively, and $12  equivalent to sin(0] +
Since joint 3 for the Adept is a prismatic joint, the manipulator has no configuration 
dependent features in the Z-direction i.e. a unit change in joint 3 velocity will effect a unit 
change in the Z-direction cartesian velocity of the manipulator. Consequently, the ellipsoid 
has unit dimension in Z for all five test points and is therefore studied in the manipulators 
X-Y plane only. Figure 5.7 shows a plan view of the test area with the velocity ellipsoids at 
test points PI and P4. The test path as specified in the ISO test procedures is also shown.
h,P4
Ellipsoid at 
ISO  p o se  4
1.P1
Ellipsoid at 
ISO  p o se  1
P3 P 2•J
Figure 5.7. Manipulability Ellipsoids for the Adept-One at 2 of the 5 ISO test points.
The manipulability index m(e;9) was calculated for each of the five test points using 
Equations (5.14) and (5.15). The results are shown in Table 5.3.
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G2 u i U2 m (e ;9 ) e (l,m )
P I 0 .5 5 4 0 .2 8 0 -0 .2 9 5 ,0 .9 5 5 -0 .9 5 5 ,-0 .2 9 5 0 .3 0 4 0 .4 6 6 ,-0 .8 8 4
P 2 0 .4 1 9 0 .2 9 9 -0 .0 6 8 ,0 .9 9 7 0 .9 9 7 ,0 .0 6 8 0 .4 1 8 0 .0 6 8 ,0 .9 9 7
P 3 0 .4 1 9 0 .2 9 9 0 .9 7 7 ,-0 .2 1 3 -0 .2 1 3 ,-0 .9 7 7 0 .4 1 0 -0 .2 1 3 ,0 .9 7 7
P 4 0 .8 1 5 0 .1 4 0 -0 .3 6 5 ,0 .9 3 1 -0 .9 3 1 ,-0 .3 6 5 0 .3 5 2 0 .9 3 1 ,-0 ,3 6 5
P 5 0 .8 1 5 0 .1 4 0 -0 .2 0 7 ,-0 .9 7 8 0 .9 7 8 ,-0 .2 0 7 0 .1 6 6 0 .5 4 5 ,0 .8 3 8
Table 5.3. Manipulability index and approach vector for the 5 ISO test points.
The corresponding ISO positioning repeatabilities at the five test points aie given in 
Table 5.4. Positioning repeatability tests on a stationary target for the Markll instrument 
yielded an average value of 73pm, with the target located at point PI of the ISO test region 
for the Adept manipulator.
T e s t p o in t P I P 2 P 3 P 4 P 5
IS O  R e p ea ta b ility  'R P ' (p m ) 6 6 75 64 63 6 8
Table 5.4. ISO Positioning Repeatability for the Adept-One.
By compaiing the Adept repeatabilities at the five test points with the average value 
obtained for the Markll instrument, it is evident that the robot characteristics are not 
distinguishable from those of the instrument. Consequently, since no significant 
differences occur in the robot’s repeatability, as predicted by the vaiying magnitudes of the 
manipulability index, it was concluded that the performance of the Mark II instrument was 
not sufficient to examine the desired characteristics. Since more precise measurements were 
not available from other instrumentation, an alternative means of validation was 
investigated.
5.3.2. Positioning overshoot tests_______________________________
Methodologv
Further experiments to validate of the Condition Vector have been undertaken by 
measuring the positional overshoot characteristics of a Puma-560 robot. At each of the five 
ISO test points for the Puma manipulator, the Jacobian was generated and decomposed 
using SVD as described in Section 5.2.1, The direction cosines corresponding to the 
principal axes directions were then used to calculate the approach paths to each of the 5 
points for the overshoot experiment. The trajectory of the robot undergoing these 
experiments was followed using the Markll laser tracking instrument. Tests of positioning 
overshoot made along the axes directions of the manipulator ellipsoids was expected to
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yield a correlation between the magnitude of the overshoot and the magnitude of the 
Condition Vector. Furthermore, since the principal axes of the velocity ellipsoid correspond 
to directions of maximum/minimum attainable velocities at the end effector, then the same 
test data was expected to indicate some correlation between the magnitude of velocities and 
singulai' values along the approach paths.
These validation experiments were based on end point positioning characteristics 
alone since only end effector position data was available. Consequently, the matrix 
requiring decomposition is the upper 3x3 Jacobian of Equation (5.13), which relates 
cartesian motion of the end effector to motion of the regional structure of the manipulator. 
An important feature of the validation experiments is the identification of the base axis of 
the robot, since the Jacobian in Equation (5.2) relates the cartesian motions in relation to the 
robot’s base coordinates and the readings from the laser tracking system are made relative 
to its own coordinate system. Identification of the base axis of the Puma-560 manipulator 
was carried out using the techniques described in Chapter 3, which consisted of recording 
individual joint motions and finding the intersection of joint axes 1 and 2. The results of the 
overshoot tests were then transformed into the robot’s base frame.
The ISO test points for the Puma-560 have been shown previously in Figure 4.11. 
The approach path directions were found by first forming the 3x3 Jacobian matrix at the 
five test points. Decomposition of the Jacobian was then carried out according to Equation
(5.6). The matrix of direction cosines U was then used to calculate the approach paths 
along the principal axis directions of the velocity ellipsoid, based on a 200mm approach 
path length.
The approach paths were again programmed in the off-line programming system 
GRASP. The tests were then simulated to detenuine those approaches outside the working 
envelope of the manipulator before being post processed to the Puma controller for 
execution. The tests consisted of loading the manipulator with a weight in addition to the 
cat's eye target, to bring the total payload to its maximum value of 51b (100% load). 
Measurements of the target were taken throughout the approach path at a sampling interval 
of 4 ms, with the robot programmed at its maximum speed (100% speed) using joint 
interpolated motion.
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Validation results
The singular values C7/ and their corresponding direction cosines ui calculated from 
Equation (5,6) with the Puma manipulator in a RIGHTY configuration are given in Table 
5.5,
# 1 CT2 (^3 u i U2 U3
P I 0 .6 2 1 0 2 )23 0 .2 8 4 -0 .1 2 7 ,0 .1 1 6 ,0 .9 8 5 -0 .9 8 9 ,0 .0 4 8 ,-0 .1 3 4 -0 .0 6 3 ,-0 .9 9 2 ,0 .1 0 8
P 2 0 .5 9 2 0 .3 7 3 0 .2 4 5 0 .0 3 7 ,0 .5 2 4 ,-0 .8 4 0 0 .4 7 1 ,-0 .7 5 0 ,-0 .4 6 4 -0 .8 8 1 , -0 .3 7 8 ,-0 .2 8 3
P 3 0 .621 0 .4 0 0 0 .2 5 8 -0 .5 1 6 ,0 .0 8 0 ,-0 .8 5 2 0 .7 3 6 ,0 .5 5 0 ,-0 .3 9 4 0 .437 ,- 0 .8 3 1 ,-0 .3 4 3
P 4 0 .9 1 7 0 .8 1 0 0 .1 6 6 -0 .2 6 7 ,0 .1 4 7 ,0 .9 5 2 -0 .9 0 6 ,-0 .3 7 5 ,-0 .1 9 6 0 .3 2 8 , -0 .9 1 5 ,0 .2 3 3
P 5 0 .8 9 8 0 .7 9 0 0 .1 8 4 -0 .1 3 9 ,0 .2 9 7 ,0 .9 4 4 -0 .9 5 0 ,0 .2 2 7 ,-0 .2 1 1 -0 .2 7 7 ,-0 .9 2 7 ,0 .2 5 1
Table 5.5. SYD results at the 5 ISO test points for the Puma-560.
The largest singular values in Table 5.5 represent (Jvjnax the maximum scaling of 
joint velocities into cartesian velocities at the end effector for the five test points. 
Furthermore, using the knowledge of duality between velocity and force, these correspond 
to the directions of minimum stiffness of the manipulator structure opmin-
Figure 5.8. Approach paths at test point P5 for the Puma-560.
The positioning overshoot results for the Puma manipulator at test point P5 are 
shown in Figure 5.9.
The approach paths corresponding to the singular values cTÿ- were calculated from the 
direction cosines ui, where i represents the axes of the ellipsoid (1,2 or 3), and j represents 
one of the two approach directions i.e. each test point is approached from both a positive
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and negative sense along the axes direction of the ellipsoid. An example of the approach 
paths at test point P5 is shown in Figure 5.8. At each test point, six approach paths are 
calculated based on the 200mm path length. However, in certain cases the approach path 
lies outside the working envelope of the manipulator, reducing the number of test paths 
available for the validation tests. For point P5 in Figure 5.8, only li^s outside the 
Puma's envelope.
0.42
D)
Q. 0.22
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e la p se d  tim e (m s) - sam p led  a t 4 m s in tervals
Figure 5.9. X-direction overshoot results at P5 for the 5 approach paths.
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Figure 5.10. Y-direction overshoot results at P5 for the 5 approach paths.
Ph.D. 1991 D. Stanton 166
Chapter 5: A Further Improvement to OLP
-0.0
- 0.1
O -  - 0.2
-0.3
-0.4
400200
e la p se d  tim e (m s) - sa m p le d  at 4 m s in tervals
Figure 5.11. Z-direction overshoot results at P5 for the 5 approach paths.
Variation in positioning overshoot is evident from Figures 5.9, 5.10 and 5.11, with 
significant values recorded for approach paths (Jji and a i2 in the X-direction. The 
overshoot results for all five test points and theii' corresponding approach paths are given in 
Table 5.6.
T e s t p o in t A pproach
Ü
^ i j IIOSII
(m m )
liVII
(m s‘^)
1 11 0 .2 8 3 1.309 O j #
1 12 0 .2 8 3 1 .387 0 .9 8
1 21 0 .5 2 3 1.453 2 .1 8
1 22 0 .5 2 3 2 .0 2 3 1 .68
1 31 0 .621 1 .989 2 .0 9
1 32 0 .6 2 1 1 .429 1.53
2 11 0 .5 9 2 1 .06 1.51
2 21 0 .3 7 2 1 .344 1 .30
3 11 0 .621 1 .383 1.54
3 21 0 .3 9 9 1 .095 1 .46
3 32 0 .2 5 8 0 .9 9 7 0 .9 3
4 11 0 .8 0 9 3 7 .03 2 .8 2
4 12 0 .8 0 9 38.71 2 ^ 8
4 21 0 .9 1 7 4 .1 6 1 .76
4 2 2 0 .9 1 7 5.781 2 j d
4 31 0 .1 6 5 0 .9 5 6 0 .9 5
5 11 0 .7 9 0 3 6 .4 8 2 ^ 2
5 12 0 .7 9 0 3 7 .75 2 .81
5 21 0 .8 9 8 4 .1 7 9 1 .77
5 2 2 0 .8 9 8 4 .6 9 9 2 .6 0
5 31 0 .1 8 4 1.538 1 .0
Table 5.6. Magnitudes of the positioning overshoot and attained velocities along the 
approach paths for the five test points.
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The magnitude of the peak overshoot value is calculated as the norm of the X, Y and 
Z components i.e.
110511 = ,. lO S l  + 0 5 ^  + 0 S \ (5.19)
In addition to the overshoot characteristics measured, the attained velocities along the 
approach paths to the test points is also estimated and shown in the Table. Again the 
magnitude of the attained velocity IIVII is the noim of the attained cartesian velocities.
The relationship between the measured positioning overshoot and the magnitude of 
the singular values along the approach direction is shown in Figure 5.12.
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Figure 5.12. Relationship between the measured overshoot IIOSII and the magnitude of the 
singular values oy for the varying approach paths at the five ISO test points.
From Figure 5.12, a general nend exists with a few exceptions. As the magnitude of 
the singular value along the approach paths increases, their is a gradual rise in the value of 
the peak overshoot. However, there are some points that do not comply with this trend. 
These are the overshoot characteristics measured at test positions P4 and P5 at the 
exti'emities of the working volume (Figure 5.8). At these test points the manipulator arm is 
neaidy fully extended, with inertia effects of the target and manipulator links at their most 
significant. Therefore, these large overshoot values at points P4 and P5 are likely to be 
caused by ovemding dynamic effects within the mechanism.
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Figure 5.13 shows the relationship between increasing the magnitude of the singular 
values along the approach paths and the achieved velocities. Here again, a giadual rise in 
the magnitude of the velocity along the approach paths is associated with an increasing 
magnitude in the singular values. Performing a lineai' regression on these points yields that 
the regression coefficient Jl. has a value of 0.81, indicating a good fit of the stiaight line 
thi’ough the points. Discrepancies are likely to be due to the method of motion contiol used 
during the experiments. Since joint interpolated motion has been utilised, the direction of 
approach does not lie precisely along the assumed sti aight line path, but will be slightly 
curved.
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Figure 5.13. Relationship between the attained velocities IIVII and the magnitude of the 
singular values Oÿ for the vaiying approach paths at the five ISO test points.
5.4. SUMMARY___________________________________________________________
A new perfonnance measure, the Condition Vector has been proposed as a measure 
of kinematic performance for use within an off-line programming environment. This 
measure is extracted from an analysis of the kinematics of a manipulator structure that 
yields ellipsoids of attainable velocities and forces at the end effector which map velocities 
and torques at the robot’s joints onto end effector velocities and forces. Experimental 
validation of the Condition Vector has been attempted by correlating the features of these 
ellipsoids to robot positioning and velocity characteristics. Tests of ISO positioning
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repeatability on an Adept-One scar a robot have been undertaken, with the variation in 
attained repeatability compared with an index of manipulability extracted from the velocity 
ellipsoid. Further attempts at validation examined positioning overshoot, and tests have 
been undertaken on a Puma-560 robot. Here, both the magnitude of the measured 
overshoot and attained velocity is compared with the size of the singular values 
representing the axes lengths of the velocity ellipsoid. For both sets of experiments a 
prototype version of the OPTOTRAC instrument was used to measure the position of a 
cat's eye target attached to each of the robot’s end effector.
Results from the ISO positioning repeatability tests upon the Adept-One manipulator 
indicated that, given the limitations on measurement accuracy and repeatability, positioning 
repeatability for this device is not effected by the direction of approach or configuration of 
the manipulator.
Due to the inverse relationship between velocity and force, smaller singular values 
correspond to high stiffness directions of the manipulator structure. Consequently, by 
programming the robot along the principal axes directions of the velocity ellipsoid, the 
variation in positioning overshoot was expected to yield some correlation with the size of 
the singular values as a measure of stiffness. The overshoot results, which are related 
accurately to the base of the robot, indicated that some correlation between the magnitude of 
the overshoot and the size of the singular value along the programmed approach path 
existed. However, some discrepancies were evident when the test points were at the 
extremities of the robot’s working volume, requiring an extended arm configuration. 
Essentially it is thought that these discrepancies occur since the ellipsoid analysis covers 
only the kinematics of the manipulator, whereas overshoot is a dynamic phenomenon being 
dependent on other effects as well as the kinematic configuration of the structure. If 
dynamic characteristics had been the primary interest of this work these overshoot results 
could have been related to a dynamic manipulability measure (Yoshikawa, 1985; Asada, 
1983; Graettinger and Krogh, 1988) which would possibly show a better correlation. 
However, since improving static characteristics are the concern of this thesis, this has not 
been undertaken.
More promising results were obtained by examining the velocities achieved along the 
approach paths with respect to the magnitudes of the singular values. In the velocity 
domain, higher singular values represent a higher attainable end effector velocity. This was 
confirmed by the experiments, since increasing singular values yielded increasing velocities
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with a linear regression coefficient of 0.81, During the experiments, the robot was 
programmed using joint interpolated motion, resulting in approach trajectories only 
approximately along the major axes of the ellipsoid. As a consequence, relations between 
the singular values along the idealised stiaight line trajectories and those along the attained 
trajectories may have caused the discrepancies in the correlation. Experiments with the 
manipulator programmed using straight line motion have not been undertaken.
Further validation experiments are required for the Condition Vector, in order that it 
can be introduced into an off-line progiamming system to assist in workcell layouts. One 
particular form of experiment that may provide sufficient validation is to test the force- 
deflection characteristics at the end effector. Since the Condition Vector gives an indication 
of the maximum ‘relative’ force applicability at the end effector, then vai'ious directions of 
force should yield differing deflection characteristics. This requires an instrument that can 
detect complete pose information at the end effector, whilst the robot is held stationary. A 
suitable device for this study is the type of cube fixture developed for robot testing to the 
ISO standard, one of which has been developed for this purpose using non-contact eddy 
current sensors. These experiments have not been completed to date.
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6. CONCLUSIONS
The objectives of this research were to develop software tools that will enable 
industrial robots to be more effectively utilised through the use of off-line programming 
(OLP) procedures by concentrating on two areas of robot performance. Firstly, 
identification of the 'actual' kinematics enabling robot positioning accuracy to be improved, 
and, secondly, by developing a performance index that describes the positioning and 
stiffness variations of the manipulator across its workspace. Both of these techniques were 
to be validated through experiment.
A Methodologv for Kinematic Calibration
Present-day off-line programming systems contain simple models that represent the 
static and dynamic characteristics of the robot sti’ucture and its surrounding workcell. Since 
there are differences between this simple model and the true robot and workspace 
characteristics, the robot is unable to be explicitly programmed with the desired degree of 
accuracy such that it can perform its intended task. As a result robots are generally 'taught' 
the task through manual teach-by-showing operations. Depending on the particular task 
being undertaken by the robot, either static precision, or a combination of both static and 
dynamic precision may be required. To improve the static accuracy, the ‘actual’ geometry 
of the robot needs to be detemiined using calibration techniques.
A new kinematic calibration methodology is described in this work which is limited to 
robots comprised of links connected in a serial chain, which are considered to make-up a 
majority of the currently used industrial robots. The differences between the model used 
within the OLP system, the robot controller, and the 'real' physical stiTicture include a 
variety of both geometric and non-geometric effects which contribute to the overall 
inaccuracy of the device. This work has considered only geometric effects since they can be 
identified systematically from one device to the next. However, the methodology will allow 
models of non-geometric errors to be incorporated to further reduce positioning 
inaccuracies if they are considered to provide a significant contribution. Due to the
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measurement limitations, the methodology only explicitly improves the robot’s positioning 
perfoimance, although it could easily be extended to include orientation accuracy if the full 
six degrees of freedom of a robot mounted target could be recorded.
The kinematic calibration methodology has been developed from a previously 
proposed kinematic model, known as the S-model, attributable to Stone et. al. (1986). This 
model contains 6 kinematic parameters that describe the relationship between consecutive 
joints in a serial chain, and has been modified to enable additional transformations 
necessaiy for a complete identification of the model. Identification of the model paiameters 
has been divided into two phases to overcome many of the numerical problems associated 
with previous techniques, whilst ensuring a description of the complete geometry. During 
the first phase, individual joint motions are recorded, from which the ‘actual’ link 
kinematics from the base of the manipulator up to the last moveable joint are calculated. 
During the second phase, any remaining parameters required to complete the kinematic 
model of the robot are identified, either using a variety of arm configurations or using 
conditions identical to those required for the task. It is anticipated that the first phase needs 
only to be performed infrequently, perhaps after a collision, whereas the more task 
orientated second phase would be performed on a more regular basis as task conditions 
change or after a workcell shut-down.
The new calibration methodology based on the modified S-model (MSM) has been 
applied to a Puma-560 industiial robot. Static positioning of a robot mounted target was 
measured with a 3D laser tracking instiument known as OPTOTRAC. Results have shown 
that the positioning accuracy of the Puma-560 could be typically improved by 93% over 
that attained prior to identification. This is a significant improvement in the robot’s 
perfonnance even though the attained accuracy is not as good as the robot’s repeatability, 
which is considered to be the upper limit on accuracy. Various limitations on the accuracy 
have been discussed, from which it is clear that further improvements could be made both 
by increasing the measurement precision, and incorporating models of non-geometric 
errors for this particular mechanism. However, as Whitney et. al. [1984] pointed out, “by 
definition calibration deals with idiosyncratic properties”, and therefore since some robots 
will have errors from significant non-geometric effects, some will not. It then becomes a 
matter of judgement of the Systems Analyst how much detail is required in any particular 
robot model.
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To conclude, the new kinematic calibration methodology meets the first objective of 
this thesis. Furthermore, experimental validation has been performed and has produced 
acceptable results. Areas requiring additional work have been discussed, and include the 
following;
• An error compensation scheme based on the modified S-Model,
• The inclusion of prismatic joints in the calibration methodology,
• The extension of the calibration methodology to closed-linkage 
mechanisms,
• The development of systematic models of non-geometric error sources 
for different robot types,
• The development of automatic calibration procedures from within a 
‘calibration’ menu in an OLP system.
The implications of this work on developing standards for the manufacturing industry 
have also been described, and include:
• A standard tenninology for kinematic calibration,
• A standard robot mounting interface providing calibration features to 
enable localisation of the robot’s base axis,
• A standard kinematic model for use in off-line programming systems 
and robot controllers.
A Further Improvement to Off-Line Programming
Variations in manipulator performance across its workspace are dependent on many 
structural and computational aspects. In laying out workcells for ‘optimal’ performance 
using an off-line progiamming system, the workcell designer must be provided with good 
visual indicators of performance that describe these variations in order that the manipulator 
configuration can be suited to its task. A new kinematic perfomiance criteria, known as the 
Condition Vector, has been proposed as an indicator of manipulability to meet the second 
objective of this thesis. The Condition Vector is derived from the manipulator Jacobian, 
which describes the mapping of joint motions into cartesian motions at the end effector, and 
therefore gives an indication of the sensitivities of the sti’ucture to positioning and force 
controllability across its workspace. Extracting the Condition Vector from the manipulator 
Jacobian is performed through the use of the Singular Value Decomposition technique.
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Validation of the Condition Vector has been undertaken by correlating features of the 
manipulability ellipsoids from which they are derived, with variations in a robot’s 
positioning repeatability and positioning overshoot characteristics. Due to the high 
positional repeatability attained from the Adept-One manipulator under investigation, the 
expected deviations in the magnitude of the repeatability during an ISO test were not 
evident with the available instnimentation, and therefore an alternative method of validation 
was considered. Positioning overshoot tests performed on a Puma-560 were undertaken at 
the five ISO test points, with a vaiiety of approach directions corresponding to the principal 
axes directions of the manipulability ellipsoids. Although these results did indicate that 
increasing singular values, represented by the lengths of the axes of the ellipsoid, tended to 
produce slightly increasing overshoots in the order of a few millimetres, there were some 
major discrepancies. In particular, those test points at the outer region of the manipulators 
workspace requiring large motions of the ‘ti'iink’ of the robot (joint 1) produced excessive 
overshoots, in the region of 35mm. These large values are thought to be caused by 
overriding dynamic effects for this test, which are not accommodated within the purely 
kinematic criteria under validation.
The most promising validation results emerged from a study of the attained velocities 
whilst the Puma-560 robot was undergoing its overshoot tests. Since the manipulability 
ellipsoid represents the scaling of the joint velocities into cartesian velocities, then some 
correlation should exist between the singular value along the approach path and the attained 
velocity along the path. The achieved results indicated that a good correlation does indeed 
exist, yielding a linear regression coefficient of approximately 0.8. Discrepancies were 
thought to be due to the method of progi amming the manipulator movements which caused 
slight deviations between the commanded straight line path along the axes directions of the 
ellipsoid, and the attained path.
To conclude, the Condition Vector, is a theoretical measure of a manipulators 
sensitivity to positioning and force controllability throughout its workspace, and fulfils the 
second objective of this thesis. Although attempts at experimental validation have been 
undertaken, the results are promising but not conclusive and further work is required for 
complete validation. Additional validation experiments have been proposed based on the six 
degree-of-freedom force-deflection characteristics at the end effector, and require further 
investigation.
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Appendix B: The OPTOTRAC Instrument
B, THE OPTOTRAC INSTRUMENT
OPTOTRAC is an optical, non-contact 3D motion tracking instrument, developed 
primarily for the measurement of robot positioning perfomiance. Initially conceptualised by 
Gilby and Parker [1984], it has been developed by Mayer and Parker [1988] to its present 
pre-commercial stage (US Patent 486636.2; CEC Patent 87003; Mayer, 1991). A 
schematic of the instrument is shown in Figure B.l.
INDUSTRIAL ROBOT
OPTICAL TARGET
LASER BEAM
MICROCOMPUTER
ELECTRO N ICS
SU BSY STEM  1 ( ÿ SUB-SYSTEM 2
Figure B.l. A Schematic of the OPTOTRAC instrument (Courtesy of R. Mayer).
Each optical sub-system (OSS), emits a visible low-powered (class 2) laser, and 
contains a system of mirrors, an optical detector to measure the position of the returned 
beam from a reti'o-reflective target, and a microprocessor based controller. Target tracking 
is performed by measuring the offset between the incident and reflected beams, which is 
proportional to the distance between the incident beam and the optical centre of the target. 
Low inertia scanning mirrors continually drive the beam toward the centre of the target, 
allowing tracking speeds in excess of 5 meues per second.
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The 3D position of the target is calculated off-line using knowledge of the scanning 
angles, the measured tracking offsets, the relative location of the two optical sub-systems 
and certain instrument dependent parameters. During operation, test parameters such as 
sampling rate (up to 1 kHz) and the number of samples can be selected by the user through 
a PC based menu driven operating system known as LATROS. Within LATROS, a variety 
of dedicated test routines are available for robot testing in accordance with ISO 9283, 
including static position accuracy and repeatability and path accuracy.
Recent tests have shown the OPTOTRAC instrument to possess a static deterministic 
eiTor of approximately ±0.06mm over a Im xlm xlm  nominal working volume (Mayer, 
1991), reporting measured data to a resolution of 1pm in the cartesian data file. During 
normal operation, the validity of the measured data can be assessed by studying the 
triangulation cross-over errors between the two laser beams at the target (Figure B.2). 
During site calibration, when the location of OSS2 is determined relative to the coordinate 
system in OSS 1, the target is tracked over a random trajectory, and measured data is used 
to determine the site parameters making up the full six degrees of freedom that ‘best-fit’ 
certain constraints in a least-squares sense. The resulting triangulation cross-over errors 
obtained for the calibration file indicate the size of the errors that must be present in a 
normal test file to ensure accuracies in the order of those obtained during calibration.
T riangulation 
c ro ss -o v e r  erro r
E stim ated  ta rg e t 
c en tre
0SS2 
t J 0SS1
O S S  2O S S  1
Figure B.2. Triangulation cross-over errors at the target position (Courtesy of R. Mayer).
Tests of measurement repeatability were undertaken on the OPTOTRAC instrument to 
assess not only the magnitudes of the stochastic components of measurement uncertainty,
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but also to investigate the validity of the normal distribution assumption intrinsic in using 
least-squares algorithms within the kinematic calibration methodology developed in this 
thesis. The test consisted of taking 100 measurement samples at a rate of 50 milliseconds 
for a stationary target, and produced the spread of points for x, y and z shown in the 
histograms in Figure B.3.
40.
30
2 0 -
n '
10- ——
m.
X = 0.086000
oD
20
10 ----
y = 1.841306
0.085993 0.086007
Varying X categories - metres (10 bins equispaced)
1.841295 1.841320
Varying Y categories - metres (10 bins equispaced)
20
10
z = 0.700434
0.700428 0.700439
Varying Z categories - metres (10 bins equispaced)
Figure B.3. Histograms of OPTOTRAC repeatability in x, y, and z.
The standard deviations for this spread of points were 2.9pm, 6.9pm and 2.6pm in 
the OPTOTRAC x, y, and z directions respectively. It is evident from the histograms in 
Figure B.3, that the spread of measured data does not conform to a normal distribution, 
with the y-direction errors in particular showing a more uniform distribution than the 
trailing ones for x and z.
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